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Abst rac t  

To d a t e ,  t he  only completely non-empirical method of p r e d i c t i n g  
de tona t ion  parameters is t h a t  developed by Paterson and based on 
t h e  v i r i a l  equat ion  of s t a t e .  This method is more appea l ing  now 
than  i n  the  p a s t  because of improved techniques f o r  t h e  estima- 
t i o n  of v i r i a l  c o e f f i c i e n t s ,  and because of i n t e r e s t  i n  new ex- 
p los ive  ma te r i a l s  which cannot be expected t o  adhere t o  c o r r e l a -  
t i o n s  based on f a m i l i a r  CHON explosives.  

I n  t h e  p re sen t  work, t h e  v i r i a l  technique is updatedand expanded 
t o  inc lude  explos ives  based on B,C, H, 0, N and F. 
t ona t ion  pressures  i n  CHON explos ives  agree w i t h  experimental  
va lues  with an accuracy comparable t o  t h a t  exh ib i t ed  by t h e  Cook 
and Kistiakowsky-Wilson-Brinkley methods. 
f o r  de tona t ion  pressure  i s  presented. 
of s eve ra l  systems based on boron and f l u o r i n e  a r e  a l s o  pred ic ted .  

By applying s u i t a b l e  approximations t o  t h e  s o l u t i o n  f o r  de tona t ion  
pressure ,  an equation i s  der ived  which r e l a t e s  t h i s  parameter t o  
t h e  s t r u c t u r e  of t h e  de tona t ing  molecule and t h e  s to ich iometry  of 
t he  decomposition r eac t ion .  The de tona t ion  pressure  r i s e s  nea r ly  
l i n e a r l y  with hea t  of explos ion  and very r ap id ly  a s  the average 
number of atoms per product molecule decreases.  

Predic ted  de- 

A closed-form equa t ion  
The de tona t ion  parameters 

In t roduc t ion  

A knowledge of t h e  p rope r t i e s  of s t a b l e  de tona t ions  i n  explos ive  m a t e r i a l s  is 
necessary  t o  an apprec i a t ion  of t h e  s a f e t y  hazards encountered i n  handling these  
substances.  The c h a r a c t e r i s t i c s  of de tona t ions  i n  conventional exp los ives  have 
been deduced t o  a l a r g e  e x t e n t  from de tona t ion  v e l o c i t y  measurements, b u t  such 
an approach cannot be appl ied  t o  many compounds o r  mixtures which have been pro- 
duced i n  small  q u a n t i t i e s ,  a r e  impure, or indeed, may be hypothe t ica l .  When 
enough of a ma te r i a l  of i n t e r e s t  has  been made t o  permit a shock s e n s i t i v i t y  
test, the  ' f i na l  v e l o c i t y  of t he  acceptor  shock can be compared with t h e  pre- 
d i c t e d  Chajanan-Jouguet v e l o c i t y  t o  a s c e r t a i n  whether, i n  f a c t ,  a high-order 
de tona t ion  has been produced sympathe t ica l ly .  A scheme f o r  p r e d i c t i n g  de- 
t ona t ion  c h a r a c t e r i s t i c s  might a l s o  be use fu l  f o r  p r e d i c t i n g  d e t o n a b i l i t y  and 
br i sance ,  and f o r  computing exothermic i ty  and v i r i a l  c o e f f i c i e n t s  from exper i -  
mental  de tona t ion  measurements. 

The p red ic t ion  of Chapman-Jouguet (C-J) p r o p e r t i e s  is made d i f f i c u l t  by the  
l ack  of a simple equat ion  of s t a t e  f o r  t h e  ho t ,  highly-compressed product gases. 
Those most commonly used have been t h e  Abel and Kiotiakowsky-Wilson (K-W) equa- 
t i o n s  of s t a t e r  
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Abelr P(V- b()=NRT 
Kistiakowsky-Wilson: PV/NRT = 1 + x exp(px) 

where P = pressure  
V = s p e c i f i c  volume 
4 = Abelian covolume 
N = number o f  gaseous moles 
R = gas  c o n s t a n t  
T = temperature  

k‘= KW covolume 
a n d @ ,  a ,  B and K a r e  empirically-determined constants .  

When t h e  b e l  equat ion  of s t a t e  i s  used, the  covolume i s  assumed t o  be a cons tan t  
empir ica l  p roper ty  of t h e  explosive o r  a general ized f u n c t i o n  of s p e c i f i c  volume. 
Cook1 found t h a t  a s i n g l e  curve of covolume versus  C-J  s p e c i f i c  volume cou?c be 
drawn through experimental  p o i n t s  f o r  two p i c r a t e s ,  l ead  az ide ,  mercury fulminate 
and a series of CHON explosives .  The K-W equat ion has  formed the  b a s i s  of a com- 
p u t e r  code, RUBY*, developed a t  t h e  Lawrence Radia t ion  Laboratory, which has  been 
used widely t o  p r e d i c t  de tona t ion  parameters i n  CHON explos ive  systems. 
t h e  v i r i a l  equat ion  of s t a t e  w i l l  be used. 

Here, 

Analysis 

1. Mathematical Formulation i n  the  Absence o f  Condensed Products 
The general  v i r i a l  equat ion  of s t a t e  of a gas is 

PV/NRT = 1 + bo/V + a2 (b,/V)* t a3 (b3/V)3 +.... (2) 

where b = v i r i a l  c o e f f i c i e n t s  
a i  = c o n s t a n t s  
i 

Severa l  p a r t i c u l a r  v i r i a l  equat ions have been proposed, d i f f e r i n g  only  i n  minor 
aspec ts .  They a l l  p r e d i c t  n e a r l y  i d e n t i c a l  gas p r o p e r t i e s  i n  t h e  range of in- 
terest here. The s i m p l e s t  form, t h a t  due t o  Majumdar3, was used 

PV/NRT = 1 + b d V  + ,833 t .287 G 1 t f (b&! ( ? a )  

where bo = high-temperature second v i r i a l  c o e f f i c i e n t .  

I n  a p p l i c a t i o n  t o  t h e  problem a t  hand, Equation (3a)  becomes 

w h e r e b z  C-J c o n d i t i o n  1 
n = mols product  gas/g 

R’ = 82.1 atm-cc O K - m o l  

bo = F i b o i ,  cc  / g product  gas  mix 
a l l  
gaseous 
products  
v i r i a l  c o e f f i c i e n t  of the  i - t h  gaseous product ,  cc/mol bOi n5 - mols of  t h e  i - t h  gaseous products/g product  mix 
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It  i s  assumed below t h a t  on ly  gaseous products a r e  formed by de tona t ion;  t h e  
a n a l y s i s  appl icable  when condensed species a r e  formed w i l l  be d iscussed  l a t e r .  

Paterson4 has  shown t h a t  

where A = i n  undetonated s t a t e  
and klois  def ined by 

k 1 = 1 + nR/CV1-dO(/dVI1 

where Cvl = h e a t  c a p a c i t y  of  product gases  a t  t h e  C-J po in t ,  

c n i  e vl i 
a l l  
products  

cal /g  - OK = 

R = 1.987 cal/mol - OK 
e,, = molar h e a t  capac i ty  a t  cons tan t  volume 

From Equations ( l a )  and (3a) ,  

o(=- V f  
l+f 

The h e a t  capac i ty  a t  c o n s t a n t  volume of a v i r i a l  gas is independent of pressure  
and, a t  low pressures ,  

0 0 0 

" 
whereV= a t  zero pressure  and C-J temperature .  

Define rl by 
0 0 0 0  

1 = ep/ev = cp/Cv 

k 1 = rl -dd/dVil 

(8 1 
Mult iplying Equation ( 7 )  by n and summing over a l l  products ;  and u s i n g  Equations 
(5) and (81, i 

( 9 )  

Then, performing t h e  requi red  d i f f e r e n t i a t i o n  i n  Equation (9)  wi th  t h e  a i d  of 
( 6 ) ,  and s u b s t i t u t i n g  t h e  r e s u l t  and (6)  i n t o  (4), 

V O W )  = V1(4+1) 
where 

g = f (l+f)2-Vldf/dV11 - f 2  
1 

(10) 

Equation (10) g ives  t h e  C-J s p e c i f i c  volume a s  a func t ion  of r ,  b 
t h e  heat-of explosion and t h e  mean h e a t  capac i ty  of t h e  produci  gages betaeen T 
and T1 (C ) a r e  known, t h e  value of V 
i n t o  t h e  #ankine-Hugoniot equat ion  anA (3b) t o  y i e l d  C-J pressure.  
t h e  remaining C-J v a r i a b l e s  a r e  then  e a s i l y  determined wi th  t h e  a i d  of Equation 

and V . When 

found from Equation (10) can be subs t i tu?ed  
The values of  

(9). 
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The procedure ind ica ted  above involves  cyc l ing  on both  pressure  and temperature 
i f  t h e  product d i s t r i b u t i o n  is unknown; i f ,  however, t h e  products formgd a r e  
s t i p u l a t e d ,  cyc l ing  on only  temperature is requi red .  A s  bo th  rl and Cv a r e  
weak func t ions  of temperature,  few i t e r a t i o n s  a r e  needed. 

Both and can be found from published thermochemical t ab le s .  V i s  known. 
Taylor’5 has Tabulated t h e  high temperature second v i r i a l  coe f f i c i enes  of t h e  
most f requent ly  observed products of de tona t ion  i n  CHON explos ives ,  and t h e  
va lues  of bo f o r  o t h e r  spec ie s  can be es t imated  or c a l c u l a t e d  from measured 
in te rmolecular  fo rce  cons tan ts .  

2. Corresponding Equations when Condensed Products a r e  Formed 
The r e s u l t s  c i t e d  above a r e  app l i cab le  only i n  t he  absence of condensed detona- 
t i o n  prpducts;  however, exp los ives  which produce s o l i d s  can be t r e a t e d  i f  c e r t a i n  
assumptions a r e  made regard ing  t h e  p a r t i c i p a t i o n  of t h e  s o l i d  i n  t h e  de tona t ion  
process. It i s  assumed he re  t h a t  t he  s o l i d s  produced a r e  incompressible and i n  
thermal and momentum equ i l ib r ium with t h e  product gas s. 

smal l  e r r o r  i n  p red ic t ed  C-J  p r o p e r t i e s  is  so introduced. 
t h e  e a r l i e r  a n a l y s i s  i n  t h i s  case ,  Equation (10) i s  rep laced  by 

The f i r s t  of these  as- 

Upon car ry ing  ou t  
sumptions i s  not s t r i c t l y  t r u e ,  but Cowan and F i c k e t t  % have shown t h a t  only a 

9 + = xl+( l  + f)*-V, df/dVll -f2 

V = s p e c i f i c  volume of t h e  gas a t  t he  C-J plane 4 = s p e c i f i c  volume of t h e  condensed phase 
m = weight f r a c t i o n  of de tona t ion  products which a r e  gaseous 

n = mols gas per gram t o t a l  products 
1t = 1 + nR/Cvl 

Cv hea t  c a p a c i t y  a t  cons t an t  volume of t o t a l  products,  cal/g-OK 

Equation (11) reduces t o  Equation (10) when m = 1. 

Appl ica t ions  

1. Comparison with Experiment. 
I n  a fash ion  analagous t o  t h a t  app l i cab le  i n  t h e  absence of condensed products,  
a l l  t h e  de tona t ion  parameters of an explos ive  can be ca l cu la t ed  once Equation (11) 
is  solved f o r  V1. A computer program has been w r i t t e n  t o  p r e d i c t  t he  de tona t ion  
parameters. of any exothermic m a t e r i a l  or mixture,  r e q u i r i n g  a s  input  the loading 
d e n s i t y  and hea t  of formation of t h e  explos ive ,  and t h e  s to i ch iomet r i c  c o e f f i c i e n t s  
of each of 29 poss ib l e  products,  i nc lud ing  any so l id .  

It is i n s t r u c t i v e  t o  compare t h e  p re sen t  method of p r e d i c t i o n  with e s t ab l i shed  
techniques; the c u r r e n t  s tudy  was i n i t i a t e d  i n  an e f f o r t  t o  ob ta in  r e f ined  pre- 
d i c t i o n s  of de tona t ion  p res su re ,  so t h i s  parameter i s  used i n  the comparisons t o  
follow. 
compared with experimental  da t a  on a number of high explos ives .  The two tech- 
n iques  p r e d i c t  t h e  experimental  de tona t ion  p res su res  with comparable accuracy. 
A s i m i l a r  comparison wi th  the  p red ic t ions  of t h e  RUBY code i s  included a s  Table 11. 
When t hese  p r e d i c t i v e  methods a r e  app l i ed  t o  o t h e r  c l a s s e s  of explosive compounds, 

In Table I ,  r e s u l t s  of t h e  p re sen t  a n a l y s i s  and t h a t  due t o  Cook a r e  

I 
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1 t h e  v i r i a l  c o e f f i c i e n t  approach, because of i t s  more fundamental b a s i s ,  is 
1 expected t o  p r e d i c t  de tona t ion  p rope r t i e s  a t  l e a s t  a s  a c c u r a t e l y  a s  t h e  o t h e r  

approaches. The v i r i a l  technique a l s o  o f f e r s  t h e  advantage of l ead ing  t o  ex- 
p l i c i t  so lu t ions  f o r  de tona t ion  parameters, a s  w i l l  be shown below. 

\ 

j 

Table I. Detonation Pressures  Sredic ted  from Generalized Covolumes (Cook) 
and from t h e  V i r i a l  Equation of S t a t e  

? 
Reference f o r  Detonation Pressure  

product V i r i a l  
,g/cc d i s t r i b u t i o n  Equation Cook Experimental Ref. Compound 40 

Nit roglycer in  1.6 5 
TNT ' 1.0 5 
TNT 1.455 5 
RDX 1.20 a 
RDX 1.40 a 
RDX 1.59 a 
RDX 1.755 a 

217 
60 

120 
133- 
181 
242 
305 

247 253 b 
67* 64 b 

136* 165 b , c  
136 141 -a,b 
181 213 b 
223 287 b 
276 366 b 

Mean percent  e r r o r  14  14" 

* Experimental r e s u l t s  on TNT were used by Cook t o  genera te  t h e  genera l ized  
p l o t  of covolume versus  C-J s p e c i f i c  volume. 

++ Excluding TNT 

a. 
b. 

c. 

M. A. Cook, "The Science of High Explosives", Reinhold, 1958. 
A. N. h e m i n  e t  a l ,  Eighth Symp. ( In t ' l . )  on Combustion, Williams 

W. B. Garn, J. Chem. Phys. 2, 653 (1960). 
and Wilkins, 1960, p. 610. 

2 Table 11. Detonation Pressures  Predic ted  from t h e  RUBY Code and from 
t h e  V i r i a l  Equation of S t a t e  

Reference f o r  product d i s t r i b u t i o n s :  C. R. Mader, "Detonation 
Performance Calcula t ions  using t h e  Kistiakowsky-Wilson Equation 
of S ta t e "  Los Alamos S c i e n t i f i c  Laboratory Report LA-2613, 
October 9, 1961. 

Compound €0, g/cC 

1.128 2 m  1.197 
1/.071 mol/mol 

1/.25 mol/mol 

1/.5 mol/mol 

1/1.25 mol/mol 

I 7.5 mol/mol 

wm- 1.310 

WTM 1 397 

AN/m 1.380 

EDB TFDNE 1.467 

Yean percent  e r r o r  
/ 

Detonation Pressure 
V i r i a l  

Ref. - Equation RUBY Experimental 

76 151 130 a 
105 168 138 b 

149 195 156 b 

167 200 168 b 

196 191 156 b 

189 185 206 C 

17 19 
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Table I1 (Cont'd.) 

NM = nitromethane 
TNM = t e t r an i t rome thane  
AN = acyr lon i  t r i le 
EDB = e thylderaborane  
TFDNE = tetrafluorodinitroethane 

a. Vi. C. Davis, Los Alamos S c i e n t i f i c  Laboratory unpublished d a t a  
b. W. Garn, Los Alamos S c i e n t i f i c  Laboratory unpublished da ta  
C. N. Garn and C. L. Mader, Los  Alamos S c i e n t i f i c  LaDoratory 

unpublished da ta  

In gaseous de tona t ions ,  b c(V1, and t h e  v i r i a l  equation reduces t o  t h e  i d e a l  
equat ion  of s t a t e .  
t o  determine the  r a t i o  between C-J pressure  and i n i t i a l  p ressure  f o r  gases  s u f f i -  
c i e n t l y  exothermic t o  j u s t i f y  t h e  inequa l i ty  P17>P0. 

A s u b s t a n t i a l  amount o f  e f f o r t  has been expended t o  determine and optimize high- 
impulse p rope l l an t  systems. Many of t hese  mixtures ccn ta in  atoms d i f f e r e n t  from 
those i n  s o l i d  secondary explos ives .  The computer prooram r e f e r r e d  t o  above 
accep t s  product s p e c i e s  con ta in inq  f luo r ine  and boron, and has been used t o  
p r e d i c t  t he  de tona t ion  c h a r a c t e r i s t i c s  of severa l  impulse-optimized b ip rope l l an t s  
based on these  elements. The r e s u l t s  of t he  ana lys i s  a r e  presented  a s  Table 111. 
Product d i s t r i b u t i o n s  a r e  from Dobbins7, exLept where noted. 

As none of t he  mixtures  i n  Table I11 have Deen optimized a s  explos ives ,  on ly  
q u a l i t a t i v e  conclus ions  can  be drawn regarding t h i s  use of b ip rope l l an t s .  
e x h i b i t  t he  d e s i r a b l e  high energy of pe r fec t ly  or near ly  balanced system, >J* 
have too  low a d e n s i t y  and too high a vo13tilit.y t o  be very  promising. 

Thereyore, t h e  computer program descr ioed  aDove can be used 

2. Detonations i n  High Energy Propel lan t  Systems 

They 

Table 111. Pred ic t ed  Detonation Characze r i s t i c s  of High-Energy %prope l l an t s  

i k t o n a t i c n  P r c o e r t i e s  
Percent Loadicg .-rc-ss';re, 

Oxidizer Fuel ox id igg r  a a s i s  i&nsitv.a/cc Tam&e~&qed~ '  lk+~~c_&~yLrA~s --;is_-.. . 
. ^ l  

N204 N2H4 33 Mol* 1.222 5170 5710 131 

N2Fq %H4 50 Mol** 1.438 8280 5253 ,si 
N2H4 55 Weight 1.230 6250 9990 .<-?b' F2 

F2 

NF3 B5Hs 

, ' A 2  

B5H9 20 Weight 1.172 7520 679.3 137 

87 d e i g h t  1.288 7160 6300 14i  

OF2 UDMH 72 Weight 1.209 6940 5340 1S7 

* 
** Sto ich iomet r i c  t o  H 0 and N2 

S to ich iometr ic  t o  H$ and N2. This mixture i s  o r d i n a r i l y  hyper2ol ic  
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3. Approximate Solu t ion  f o r  Detonation Pressure 
The procedure o u t l i n e d  above y i e l d s  f a i r  p red ic t ions  of t h e  d e t o n a t i o n  charac- 
t e r i s t i c s  of systems of i n t e r e s t .  I f ,  however, some f u r t h e r  assumptions a r e  
made i n  t h e  a n a l y s i s ,  equa t ions  can be der ived which s t i l l  p r e d i c t  de tona t ion  
parameters with f a i r  accuracy, y e t  can be used t o  make more r a p i d  e s t i m a t e s  of 
C-J p r o p e r t i e s  of i n t e r e s t .  In addi t ion ,  these  equat ions can i n d i c a t e  to .what  
degree var ious  p r o p e r t i e s  of a de tona t ing  explosive and i t s  products  a f f e c t  t h e  
condi t ions  behind a C-J  detonat ion.  

I t  can be shown t h a t ,  i f  h e a t  capac i ty  i s  independent of temperature ,  t h e  C-J 
p r o p e r t i e s  can be determined whe: th?  values  of only four  parameters  a r e  speci-  
f i e d ;  these  v a r i a b l e s  a r e  bo, Vo , 1 , and 9, the  s tandard  change, i n  c a l o r i e s ,  
of i n t e r n a l  energy accompanying the  reac t ion .  
t i o n  parameters can be def ined  a s  func t ions  of only bo, Vo+ and rt, v i z :  

Dimensionless o r  reduced detona- 

c 

(12) 

V i s  found from Equation (11). Cgs u n i t s  a r e  used except  where ind ica ted .  The 
aAalysis  t o  fol low w i l l  be l i m i t e d  t o  t h e  devia t ion  of a s imple method of pre- 
d i c t i n g  de tona t ion  pressure ;  s i m i l a r  approaches can be used t o  d e r i v e  analogous 
equat ions  f o r  o t h e r  de tona t ion  parameters. 

A d i g i t a l  computer was used t o  preqare t a b l e s  of reduced d e t o n a t i o n  parameters 
f o r  a s e r i e s  of i n p u t  val*Jes of Vo, bo and r,+. 
v a r i a b l e s  covered was: 

The range of  independent 

(1) rl+: 1.01 t o  1.30, i n  i n t e r v a l s  of 0.01 

(2)  
(3)  

bo: 0.6 t o  1.4 cc/g, i n  i n t e r v a l s  of 0.1 cc/g 
Vof :  0.5 t o  1.0 cc/g, i n  i n t e r v a l s  of 0.1 cc/g 

Over t h e  range of i n t e r e s t  of these v a r i a b l e s ,  p l o t s  of P' v e r s u s  .y+ -1 a r e  
e s s e n t i a l l y  l i n e a r  and pass  through t h e  o r i g i n ,  with the  degree of curva ture  
r i s i n g  a s  b and = l /Vo+ increase.  However, even f o r  t h e  l a r g e s t  va lues  
of b a n d f O +  P f$nR decreases  only eleven percent  between r+ values  of 1.01 
and 9.30. %:refore, 

+ 
p' 5 nR P(bo,V, 1 

cV 
where p = slope of p l o t  of P' versus  Y+-l. 

Usually, 9>>CVTo, SO 

p(bo, V,') = p 
Mpcv 

P -  
' . mcv 

where !$, = mean molecular  weight of t h e  gaseous products 

P l o t s  of p(be,vo+) are, given a s  Figure 1. 
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Equat ion (14)  i n d i c a t e s  some d i r e c t i o n s  t o  be taken i n  t a i l o r i n g  molecules t o  
produce h igh  or  low de tona t ion  pressures .  
c u l t  t o  e f f e c t  l a r g e  changes i n  t h e  v i r i a l  c o e f f i c i e n t ,  a l though a s tudy  o f  
t h i s  proper ty  might i n d i c a t e  which c l a s s e s  of compounds should de tona te  more 
o r  less  s t rongly .  The formation of s o l i d  de tona t ion  products is  seen from 
Fig. 1 t o  reduce de tona t ion  pressure  and the  well-known e f f e c t s  of loading 
d e n s i t y  and h e a t  of de tona t ion  are confirmed. From a s t a t i s t i c a l  mechanical 
i n t e r p r e t a t i o n  of t$,C,,, a very important  parameter determining de tona t ion  pres- 
s u r e  is  found t o  be the  average number of atoms i n  t h e  product gases. I n  t h e  
absence of condensed products ,  as t h i s  r a t i o  i s  lowered from f i v e  t o  four  t o  
t h r e e  t o  two,  with no o t h e r  changes, p red ic ted  de tona t ion  pressure rises from 
P g P  t o  1.3P t o  1.9P t o  3.6P:  
s tudy  . 

I t  would appear  t o  be r a t h e r  d i f f i -  

The e f f e c t  of t h i s  parameter bears  f u r t h e r  

Conclusions 

A method of p r e d i c t i n g  t h e  Chapman-Jouguet de tona t ion  c h a r a c t e r i s t i c s  of a con- 
densed explos ive  has been developed. The gaseous explosion products  a r e  assuned 
t o  obey t h e  v i r i a l  equat ion of s t a t e .  The a n a l y s i s  involves  no a d j u s t a b l e  para- 
meters and p r e d i c t s  de tona t ion  pressure  as well a s  o r  b e t t e r  than  s o l u t i o n s  based 
on t h e  b e l  o r  Kistiakowsky-Ailson equations. 
t o  permit  t h e  e x p l i c i t  e s t i m a t i o n  of de tona t ion  pressure ,  which i s  seen t o  r i s e  
very  r a p i d l y  as  t h e  average number of atoms p e r  product  molecule decrease.  

The s o l u t i o n  has  been s i m p l i f i e d  
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Effect  of Gas Compoeitior, on Com rezsion S e n s i t i v i t g  

G. A .  Mead(2) 

A i r  Reduction Company, Inc. 
Murray H i l l ,  N. J. 

of Liquids (17 

The i g n i t i o n  of l i q u i d  explosives and p rope l l an t s  by the 
rapid compressioc o f  gas bubbles has been studied extensively both 
because of s c i e n t i f i c  i n t e r e s t  and because o f  immediate needs f o r  
devising sa fe  operat ing procedures and f o r  estimating t h e  sensi-  
t i v i t y  of new ma te r i a l s  (1,2,3,4,5)(3). Two exploEions of tank 
c a r s  o f  nitromethane t h a t  might have been i n i t i a t e d  by this  mechanism 
have occcrred i n  recent  yea r s ,  a s  have a number or" smaller  accidental  
explosions i n  t h e  testing of experimental propellafits. 

Nature of the I g n i t i o n  Process 

I n  the s impl i f i ed  model of the i g n i t i o n  of a l i q u i d  explo- 
s i v e  by ad iaba t i c  compression of an entrapped gas bubble, t he  tem- 
werature i s  considered t o  increase,  during compression according t o  - 
t h e  r e l a t i o n :  

$0 = 

(I) T h i s  work w a s  supported by the Rocket Research Laborator ies ,  
Space Systems Divis ion,  Edwards, Ca l i fo rn ia ,  A i r  Force 
Systems Command, USAF, under Contract AF33(616)-5732. 

(2) Sect ion Head, Combustion & Fuels Technology. Menber ARS. 

(3) Numbers i n  parentheses  i n d i c a t e  references a t  end of paper. 
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When a s u f f i c i e n t l y  high temperatLre is  reached i n  t h e  gas ,  it i s  
postulated t h a t  i g n i t i o n  o f  explosive vapor i n  t h e  bubble occurs,  
f u r t h e r  1)aising t h e  temperature a t  ar, exponent ia l ly  inc reas ing  ra te .  
A t  t h i s  s tage t h e  process becomes self-sustaining through the  eva- 
porat ion and r eac t ion  of  f r e s h  mater ia l  surrounding t h e  heated 
region. 

Ar, exact  ana lys i s  of t h e  process camot  t e  made because of 
u n c e r t a i n t i e s  about the exchange o f  heat snd m h s s  between the  l i q u i 2  
and gas and t h e  cocfigurat ion of the l iquid-gas i n t e r f a c e  during 
compression. 1 

From t h e  assumptions of a d i a b a t i c i t y  and a c h a r a c t e r i s t i c  
minimum i e n i t i o c  temperature i n  tb-e compressed bubble, it follows 
t h a t  t h e  ecergy required f o r  i g n i t i o n  i s  r e l a t e d  t o  the i n i t i a l  
conditions i n  t h e  bubble by t h e  e q r e s s i o n  f o r  compressive work i n  
an ad iaba t i c  non-flow process: 

Changes i n  t h e  gas s p e c i f i c  heat r a t i o , x  , should t l e r e f o r e  
a f f e c t  t he  niinimum i g n i t i o n  energy i n  inverse r a t i o  t o  (r-I). A l s o ,  
the  minimum ign i t io r ,  energy should be proport ional  t o  t h e  i n i t i a l  
bubble volume. 

Experimental Procedcre 

The equipment and oFerating procedilre have been described i n  
d e t a i l  previously(2,5) .  

The sample, conslstir_g of a bubble i n  contact  with l i q u i d ,  
i s  cornpressed by a gas driven pis ton.  The sample chamber i s  one- 
h a l f  inch i n  diameter,  with a t o t a l  volume of about 1.5 ml. It i s  
sealed with e i t h e r  a s t e e l  o r  aluminum bur s t  d i s c  tha t  can contain 
s t a t i c  pressures  above 20,000 p s i .  

bubble volumes, 0.2, 0.4, and 0.8 m l .  A r eve r sa l  procedure was used 
t o  estimate minimum i g n i t i o n  ecergy a t  each bubble volume, f i r s t  
determining an approximate range, i n  terms of d r iv ing  p res su re ,  and 
then proceeding t o  vary dr iving pressure i n  s m a l l  even increments 
up or down, depending on whether t h e  preceding r e s u l t  w a s  p o s i t i v e  
or negative. Usually each r eve r sa l  s e r i e s  included a t  l e a s t  six 
t e s t s .  

s i o n  i n  terms of t he  physical p rope r t i e s  of the equipment, corrected 
by an empirical  f a c t o r  obtained f rom d i r e c t  measurements of p i s ton  
ve loc i ty .  The accuracy o f  t h e  energy estimate i s  about f 15%. 

1 

A l l  combinations of l iquid and gas were t e s t e d  a t  l e a s t  t h ree  

The energy of t he  p i s ton  i s  calculated by a derived expres- 
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To put gases o the r  than a i r  i n  the  chamber, t h e  a rea  around 
the open sample chamber w a s  loose ly  covered with a c l e a r  p l a s t i c  
cone with the  point  cu t  o f f .  Purge gas  entered through the  s ide  of 
the  cone. Liquid sample w a s  pu t  i n  through t h e  open end. The 
b u r s t  d isc  was then  dropped i n  place,  t h e  cone removed, and the  
d i s c  r e t a i n e r  bo l ted  down. 

To load a sample cons is t ing  of l i q u i d  and i t s  own vapor,  
the p i s t o n  was r e t r a c t e d  far enough s o  t h a t  t he  chamber volume was 
equal t o  the des i red  amount of l i qu id .  The chamber w a s  then  sealed 
with a b u r s t  d i s c  and t h e  p i s t o n  r e t r a c t e d  ful ly ,  leaving a vapor 
space of known volume above the  l i qu id .  

- Test Resul t s  

Minimum i g n i t i o n  energies  were determined f o r  nitromethane 
with bubbles o f  a i r ,  oxygen, n i t rogen ,  argon and carbon dioxide.  
Samples could not be made t o  i g n i t e  i n  t h e  presence of nitromethane 
vapor alone. Resul ts  a r e  shown i n  Table 1 i n  terms of minimum ig- 
n i t i o n  energy per  un i t  bubble volume, i n  kg-cm/ml. This w 2 s  found 
t o  be constant f o r  each l iquid-gas  volume combination, within l i m i t s  
o f  experimental e r r o r ,  with two exceptions out  of a t o t a l  o f  seven- 
t een  t e s t  groups. 

corresponds t o  a minimum temperature f o r  i g n i t i o n  i n  the  coEpressed 
bubble, minimum i g n i t i o n  energies  were ca l cu la t ed  f o r  the  o the r  
bubble gases  by Eq.(2), and a r e  a l s o  shown i n  Table I. 

t he  i n e r t  gases is  nea r ly  wi th in  the l i m i t s  of experimental accuracy. 

vapor i n  the  bubble can be  explained on t h e  b a s i s  of rap id  conden- 
s a t i o n  of the vapor i n  t h e  l i qu id  during compression. 

Assuming t h a t  t h e  minimum i g n i t i o n  energy f o r  argon t r u l y  

The agreement between the observed and ca lcu la ted  values  f o r  

The i n a b i l i t y  t o  i g n i t e  t h e  sample with only nitromethane 

Oxygen has  a s t rong  s e n s i t i z i n g  e f f e c t ,  as shown by r e s u l t s  
with air and pure oxygen. The e f f e c t  apparent ly  reaches a maximum 
a t  some concentrat ion below t h a t  of atmospheric a i r .  This r e s u l t ,  
toge ther  with the  observed e f f e c t  o f  s p e c i f i c  hea t  r a t i o  w i t h  the  
i n e r t  gases ,  s t rongly  i n d i c z t e s  t h a t  t he  i g n i t i o n  of nitromethane, 
and p reswab ly  o ther  C-H-0-N compounds, can s t a r t  i n  the vapor 
phase by reac t ion  with gaseous oxygen. 

.A r e l a t ed  e f f e c t  of oxygen concent ra t ion  on t h e  s e n s i t i v i t y  
of s o l i d  double-base p rope l l an t s  t o  i g n i t i o n  by detonat ing gas mix- 
tures w a s  found by Cook(3), s o  t h e  p o s s i b i l i t y  of reac t ion  of t h e  
condehsed phase sur face  with t h e  gaseous oxid izer  has been amply 
demonstrated. 

! 

'! 
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The ign i t ion  temperatures ca l cu la t ed  on t h e  basis of an 
ad iaba t i c  process appear somewhat high f o r  t h e  i n e r t  gases ,  but  
reasonable f o r  a i r  and oxygen. 

To ge t  comparable da t a  on a material q u a l i t a t i v e l y  d i f f e r -  
en t  i n  physlcal  and chemical p rope r t i e s  from nitromethane, t e s t s  
were made on a n i t r i c  ac id  composite very s imi l a r  t o  a Sprengel- 
type explosive.  The vapor above the  l i q u i d  i s  non-explosive a t  
ordinary temperatures,  s ince  t h e  vapor pressure  of t h e  f u e l  com- 
ponent is negl ig ib le .  

dioxide,  and n i t r i c  ac id  vapor. Resul t s  a r e  shown i n  Table 2. 

t a ined  cons i s t en t ly ,  and t h a t  t h e  energS required w a s  not par t icu-  
l a r l y  large.  

o r  a i r  were detected.  Carbon dioxide a f f ec t ed  s e n s i t i v i t y  measur- 
ab ly ,  although t o  a l e s s e r  ex ten t  than  predicted.  Calculated adia- 
b a t i c  i gn i t i on  temperatures do not  appeer unreasonzbly high com- 
pared t o  those f o r  nitromethane, but  they  lack quan t i t a t ive  s i g -  
n i f icance  because of t he  necess i ty  f o r  hea t  t r a n s f e r  i n  the  ign i -  
t i o n  process.  The only ava i lzb le  explanat ions fo r  i g n i t i o n  under 
these  condi t ions a r e  t h a t  the l i qu id  got  bot  enough t o  r eac t  o r  
t h a t  f u e l  was t r ans fe r r ed  t o  t h e  vapor phase by non-equilibrium 
evaporation. 

Gases used i n  t h e  t e s t s  were a i r , ,  n i t rogen ,  argon, carbon 

. The most s ign i f i can t  r e s u l t  i s  thaz i g n i t i o n  could be ob- 

No d i f fe rences  i n  energy input  between argon and nitroger! 

Evans and Yui l l (6)  have observed s i m i l a r  order ing o f  cal-  
cu la ted  temperatures i n  t h e  i g n i t i o n  of n i t rog lyce r ine  and PETN 
by compression of oq-gen, air, ni t rogen  and argon, with the  d i f -  
ference t h a t  t h e  s e n s i t i v i t y  of PETN i s  increased markedly i n  the  
presence of pure oxygen. The same authors  r epor t  a l s o  the  igni-  
t i o n  of a number o f  s o l i d  explosives  t h a t  have neg l ig ib l e  vapor 
pressure.  

l i q u i d  reach some minimum temperature,  t h i s  would l a r g e l y  account 
f o r  t h e  observat ion t h a t  the  energy input  required i s  only s l i g h t l y  
a f f ec t ed  by the  s p e c i f i c  hea t  r a t i o  of t he  gas .  

The t o t a l  energy input  i n  m o s t  of t he  t e s t s  descr ibed here  
is enough t o  evaporate a few mill igrams of explosive;  t h e  mass o f  
gas i n  the bubble is about one mill igram. Some evaporation of t h e  
sample i s  thus poss ib le  during compression, and t h i s  wccld f u r t h e r  
tend t o  diminish the  e f f e c t  of gas  s p e c i f i c  hea t  on minimum igni-  
t i o n  energy. 

Conclusions 

Bubble gas composition has  a pronounced e f f e c t  on compres- 
s i o n  s e n s i t i v i t y ,  even of  l i q u i d s  having non-explosive vapor under 
ordinary conditions.  

I f  t he  requirement f o r  i g n i t i o n  i s  t h a t  a sur face  layer  o f  
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Oxygen, i n  atmospheric concentrat ion axd g r e e t e r ,  has  a 
s t rong  sens i t i z ing  e f f e c t  on nitromethane and the re fo re  probably 
on o ther  C-H-0-N prope l l an t s  and explosives.  This observat ion,  
and t h e  observation t k a t  minimum i g n i t i o n  energy can be cor re la ted  
with gas  spec i f i c  hea t  r a t i o ,  s t rongly ind ica te  t h a t  i g n i t i o n  of 
nitromethane a d  o the r  v o l a t i l e  mater ia ls  s t a r t s  i n  the  v z p o r  
phase, by r eac t ion  wi th  oxygen i f  it i s  preeent.  

explosive vapor can be i g n i t e d ,  hea t  t r a n s f e r ,  poss ib ly  accompanied 
by mass t r a n s f e r ,  can take  place across  the gas- l iquid i n t e r f a c e  at, 
a s ign i f i can t  r a t e  during compreesior. 

a r e  r eac t ion  i n  t h e  gas  phase, r eac t ion  a t  t he  sur face  with t h e  gas 
phase, and r eac t ion  a t  t h e  surface of the  condersed phase caused 
by hea t  t r a n s f e r  from the  compressed gas phase. There i s  a l s o  the  
p o s s i b i l i t y  of mass t r a n s f e r  from t h e  cofidensed phase t o  t h e  gas  
phase, followed by r eac t ion  i n  the  gas phase, although t h i s  i s  not 
a p re requ i s i t e  f o r  i g n i t i o n .  The n a t m e  of both t h e  gas end t h e  
condensed phase determine which e f f e c t  o r  combination of  e f f e c t s  
w i l l  predominate i n  m y  giver, i g n i t i o n  process.  

The hazard o f  acc ide r t a l  i g n i t i o n  of l i q u i d  e q l o s i v e s  in i -  
t i a t e d  by the mechanism o f  rapid compression can be reduced by con- 
t r o l  of the composition o f  gas i n  contact with the  l i qu id .  Desen- 
s i t i z e r s  shoLld have high vapor pressure and s p e c i f i c  h e a t ,  should 
be miscible  t o  some ex ten t  with the  l i q u i d ,  and should be  chemically 
i n e r t  toward t h e  l i q u i d .  

Nomenclature 

Since ma te r i a l s  t h a t  under ordinary condi t ions have a pon- 

A t  l e a s t  t h r e e  f a c t o r s  can coc t r ibu te  t o  ign i t i on .  These 

T = temperature 

P = pressure  

I =  s p e c i f i c  bea t  r a t i o  

W = energy input  t o  sample 

v = bubble volume 

Subscripts  

1 

" I  
1 

i 

1 

i = minirnum'required f o r  i g n i t i o n  

o = i n i t i a l  condi t ion 
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THE EFFECT OF SPECIFIC SURFACE ON 
TIIE EXPLOSION TIMES OF S O C K  IXlTIATFD PFpN* 

bY 

Robert H. Dinegar, Richard H. Rochester, and Mike S. Millicanw" 

University of California, Los Alamos Scient i f ic  Laboratory 
Los Alamos, New Mexico 

ABSTRACT 

Shock in i t i a t ion  experiments on small pressed charges of PErm have 
demonstrated tha t  the  explosion times i n  underinitiated charges decrease 
w i t h  an increase i n  the specific surface of the  explosive. 
accord with the  generally accepted proposal that the reaction i n  the  
build-up zone is  heterogeneous and is  governed by a surface burning law. 

In i t i a t ion  of the charges with shocks above a certain strength 
resulted i n  overdriven detonations. I n  these cases the  explosion times 
were independent of the specific surface of the explosive. 

INTRODUCTION 

This i s  i n  

The specific surface of a granular explosive may under cer ta in  condi- 
t ions play an important ro le  i n  shock in i t ia t ion .  
is the magnitude of the entering shock velocity re la t ive  t o  the steady- 
s t a t e  detonation velocity i n  the acceptor. 

The controll ing factor 

I f  the entering shock has a velocity such that the  t o t a l  explosion 
time is equal to or  l e s s  than the t i m e  required f o r  a steady-state deto- 
nation to traverse the acceptor, it is an indication tha t  t he  temperature 
and pressure i n  the shocked explosive a re  high enough to insure complete 
release of the chemical e n e r a  t o  the  shock front.  I f  the entering shock 
produces an explosion time l e s s  than the transit fime f o r  a steady-state 
detonation the system is overdriven. Overdrive is an unstable condition 
that cannot be supported by the chemical energy available i n  the  explosive. 
The velocity should decay with time, due t o  energy losses from the system, 
u n t i l  it reaches the steady s ta te .  
might be expected to be controlled by the geometry of the system. 
the specific surface of the explosive t o  speed up the decomposition should 
have no effect ,  f o r  once a l l  the energy can be delivered i n  the  required 
time interval, to deliver it f a s t e r  w i l l  be t o  no avail .  

The rate of this decay of overdrive 
Increasing 

On the other hand, if  the  shock which enters the acceptor produces an 
explosion time greater than that which corresponds t o  the steady-state 
detonation i n  the acceptor, t h i s  indicates that the  temperature and pressure 
i n  the entering shock a re  not high enough to complete the chemical reaction 
at a given point before the shock has moved out of the  range of influence of 
that point. Rawever, if a cer ta in  degree of reaction takes place a t  each 
successive point i n  the  charge, the temperature and pressure a t  the  front 
of the  wave will eventually increase t o  the point where the material can 

Work done under the auspices of the  U. S. Atomic Energy Commission. 

- 

++Deceased. 
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react campletely while within the range of influence, and a stable deto- 
nation will be achieved. 
to reach the steady state is called the build-up time. 
of a surface controlled reaction, the rate of the chemical reaction would 
be expected to be directly proportional to the magnitude of the surface 
undergoing reaction. 
dynamic disturbance does not depend so simply on the chemical reaction rete. 
It is nevertheless clear that the build-up time would be expected to de- 
crease with an increase in the specific surface of the reacting explosive; 

MPERIMENTAL 

The time required for the hydrodynamic disturbance 
Under the assumption 

The rate of change of the velocity of the hydro- 

In this experiment the total explosion time was measured for a small- 
scale gap test acceptor charge. 
time for build-up and the time required to traverse the rest of the charge 
at the steady-state velocity, if such is achieved. The build-up time in 
an explosive, especially in a small charge, is difficult to measure. It 
can, however, be inferred from the acceptor explosion time, if the steady- 
state velocity is reached within the charge and if this velocity is inde- 
pendent of the specific surface. 
detonation velocity for these acceptor charges was reached in less than 
one charge length and was independent of the specific surface. 

This total explosion time includes the 

In this experiment the steady-state 

The experimental arrangement is sham in Figure 1. 
charges were one-half inch in diameter and one-half inch long, loaded to 
densities of 0.75 to 0.95 g cm-3, in molded plastic holders. 
only the data for the higher density are reported, the lower gave similar 
results. "he ini iating shock strength was varied by changing the thick- 
ness of the brass' attenuator from zero to 0.250 inch. This corresponded 
to a change of pressure i n  the brass fron 350 to 90 kbar.* 
charges were 0.206 inch long by 0.300 inch diameter plas ic-bonded 

by low density PETN which, in turn, was set off by an exploding wire. 

two (3,900 and 11,650 cm2 g'l) are reported here, 

The PETN acceptor 

Although 

The donor 

cyclotrimethylenetrinitrarnine (RDX) pellets of 1.6 g cm- s density initiated 
2 -1 g The range of specific surfaces investigated was about 3,000-12;000 cm . 

Although the data for on1 
a third (ca. 8,000 cm2 g-l) gave proportional intermediate results. The 
different specific surfaces were obtained by varying the conditions under 
which the PEI'N was precipitated from acetone by the addition of water. 
Ekperiments mn with ball-milled material gave the same results as the 
precipitated material when the specific surfaces were the same. 
surfaces were determined by a permeameter, an 'nstrument that measures 

Specific 

surface per unit mass by permeability methods. 3 
Acceptor explosion times were determined in the following manner: 

(1) rotating mirror camera records of the light emitted from the end of 
the donor and from the end of the acceptor gave the average time required for 
the wave to travel through both the brass attenuator and the acceptor charge; 
and (2) electronic switch measurements on the donor charge and on the donor- 
chargejbrass-attenuator combination gave the average time spent by the shock 
in the brass attenuator. 
is the time through the acceptor charge which we have called the explosion 

The difference between measurements (1) and (2) 

time (teq). 
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DISCUSSION OF RESULTS 

( a )  Explosion Times 

The data a re  plotted i n  Figure 2. With no brass attenuator i n  the 
system the donor charge i n i t i a t e d  PETN of e i ther  specific surface so that 
the detonation traversed the acceptor i n  a time shorter (by 5$-6'$) than 
that calculated on the basis of the steady-state detonation velocity 
throughout the charge. No specific surface e f fec t  was observed. 

As the thickness of the brass attenuator was increased t o  0.030 inch 
(270 kbar pressure) the overdrive dropped to zero as evidenced by the f a c t  
that here the explosion times were 2.56 psecs - a value numerically equal 
t o  the time calculated using the steady-state detonation velocity of 
4,960 m sec-l  and the  charge length of one-half inch. 

For brass attenuator thicknesses greater than 0.100 inch a c l e a r  cut 
separation of the explosion times w a s  observed on a specific surface basis. 
The PETN pressings with the larger specific surface had the shorter times, 
which i s  attr ibuted to  a greater r a t e  of reaction i n  the build-up zone with 
the larger specific surface. 

For brass attenuators near the 5G$ f i r e  point, some acceptors fa i led  
t o  detonate and the explosion times of the  two PETN samples co 
compared properly. The 50$ brass thickness has been de termines  as 0.270 inch 
(80 kbar pressure) f o r  the larger specific surface material and 0.30 inch 
(65 kbar pressure) f o r  the smaller specific surface sample. 

(b)  Detonation Velocities 

d not be 

Variations of the build-up times can be i n f e r r e d  from observed varia- 
tions of the explosion time measurements i f  infonuation is available on the  
steady-state detonation velocit ies i n  these particular pressings of PETE. 
Such steady-state velocit ies have been measured f o r  the  two samples of PETN 
used i n  these experiments and no change with specific surface has been found. 
The explosion times were determined as a function of charge length by ob- 
serving the l i gh t  signals from the ends of charges of various lengths with 
a rotating mirror camera. Apparently the steady-state detonation had 
developed before the end of the f i r s t  one-half inch of charge. 
squares f i t  was made t o  the time-distance data shown i n  Figure 3. The ca l -  
culated values of the steady-state detonation ve loc i t ies  with t h e i r  standard 
deviations a re  4, 
4,995 f 57 m sec-'f'or the smaller, which are the same within the limits of 
experimental error. 

A l eas t -  

9 f 37 m sec-l f o r  the larger specific surface and 
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CONCLUSION 

It has been demonstrated that the explosion times of underinitiated 

This decrease is believed to occur i n  the m- 
small pressed charges of PErm decrease w i t h  an increase i n  the specific 
surface of the  explosive. 
stable build-up zone that precedes steady-state detonation and is explain- 
able i n  terms of a surface-burning reaction. 

Overinitiation of the  charges of PLTN gave rise t o  explosion times 
that were shorter than those calculated using the steady-state detonation 
velocity. These explosion times were independent of the  spec i f ic  surface 
and.&& be expected t o  be controlled by the geometry of the system. 
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SMALL- SCALE GAP TEST ASSEMBLY 
A E: Exploding wire assembly; B = Plas t ic  holders; C = PETN initiator; 
D = Plastic-bonded RDX donor; E = Brass attenuator; and F = PETN 
acceptor (test) charge. 
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E f f e c t  of S p e c i f i c  Surface  on t h e  Shock*Sensitivity 
of Pressed Granular PETN 

bY 

Robert H. Dinegar 
Richard H. Rochester 

and 
Mike S. Millican** 

Universi ty  of California, Los Alamos S c i e n t i f i c  Laboratory 
Los Alarcos, New Mexico 

One theory  of t h e  processes leading t o  detonation i n  pressed 
granular explosives p o s t u l a t e s  t h a t  t h e  r a t e  of t h e  chemical reac t ion  
i n  t h e  build-up zone determines t h e  shock s e n s i t i v i t y .  
i s  descr ibed i n  terms of a sur face  burning reac t ion  it follows t h a t  
enhanced s e n s i t i v i t y  should r e s u l t  when t h e  s i z e  of t h e  p a r t i c l e s  which 
compose t h e  explosive pressing is decreasd . l -4  
increase  i n  s e n s i t i v i t y  with decreasing p a r t i c l e  s i z e  k s  been e m e r i -  
mentally s tudied and shown t o  exist i n  gap-test measurements on propel lan tsY5 
we know of no similar inves t iga t ion  of t h i s  e f f e c t  on high explosives 
although it i s  of ten considered t o  be i n  apeement  with general  experi.once. 

If t h i s  r a t e  

'Jhile t h i s  p r e d i c t 4  

Me have recent ly  performed a s e r i e s  of experiments i n  which tho  shock 
s e n s i t i v i t y  of the  explosive pentaery-S-r i to l te t ran i t ta te  (PIT?:) has been 
inves t iga ted  as a func t ion  of i ts  s p e c i f i c  s u r f x e .  
used was a small-scale gap t e s t y 6  a diagram of which i s  shown i n  Fig.  1. 
The range of s p e c i f i c  sur faces  invest igatkd was 2,00@ - 18,000 cn? g-l. 
The s p e c i f i c  sur face  was measured by a permeameter, an instrument t h a t  
determines t h e  surface per un i t  mess from air p e r r c a b i l i t y  measure~tients.~ 

The s e n s i t i v i t y  t e s t  

Two d i f f e r e n t  methods f o r  obtaining t h e  P E N  with t h e  desired s a e c i f i c  
sur faces  w e r e  used. 
material f o r  var ious per iods of t i n e  t o  reduce t h e  average s i z e  while t h e  
second Consisted of p r e c i p i t a t i n g  t h e  PETN from acetone by the  addi t ion  
of water under d i f f e r e n t  condi t ions t o  obtain indi.vidual sav?lples with t h e  
d i f f e r e n t  s p e c i f i c  surfaces .  

The f i r s t  involved bal l -mil l in? t h c  l a r g e s t  s ized 

YOI- done un :r t h e  auspices  of t h e  U. S. Atorr 
**Deceased 

1 

4 

: berm Commission. 



The PETM acceptm ( t e s t )  charges were cy l indr ica l ,  one-half inch 
1% by ono-half inch i n  diameter and pressed t o  a loading dens i ty  of 
0.95 g cm-3. The donor charges were two-tenths inch long b j  three-tenths 
inch  diameter plastic-bond& RDX p e l l e t s  of 1.6 g cm'3 densi ty  i n i t i a t e d  
by low dens i ty  PETN which i n  t u r n  ues s e t  off  by a length-of  prirracord. 
The a t tenuator  materie.1 was one..-inch diameter brass* cyl inders  o f  various 
thicknesses. 

The c r i t e r i o n  of s a t i s f a c t o r y  i n i t i a t i o n  was tho  prcductinr! of a 
dent  i n  a one-half i n c h  t h i c k  shee t  of aluminum used es .a "witness" d a t e .  
Twenty shots of each p a r t i c l e  s i a e  were f i r e d  using tho ltup and down" or 
"step? method, v i t h  an i n t e r v a l ' o f  one-hundredth inch brass  thickness  
The reported thickness is t h a t  at which 5 6  of t h e  saTples d.? t~nat , t?d .~  
Preliminary inves t iga t ion  o f  the normality of t h e  d i s t r i b u t i o n  of t,hese 
p o i n t s  by t h e  method of DavieslO s h o w  t h e r  t o  be n o r w l l y  d is t r ibu ted  
with a standard devia t ion  of '0.023 inch. 

The d a t a  we have co l lec ted  a r e  shown i n  Fig. 2. I t  is evident t h a t  
t h e  shock s e n s i t i v i t y  of PETN, as measured by t h i s  methd ,  d w s  not i n -  
c rease  with an increase  i n  t h e  s p e c i f i c  surface of t h c  materiel, but 
r a t h e r  decreases s l i g h t l y  over a wide range of s p e c i f i c  surface. 
p e r i m m t s  run a t  t u o  o ther  P3lN loading dens i t ies ,  0.75 and 1.L g cn-3, 
show t h e  same ef fec t .  These results indica te  t h a t  some mcchanisrn other  
t h a n  a surface burning r e a c t i o n  must determine t h e  shock in i t ia . t ion  t o  
dotonat ion i n  granular presaings of PMN. 
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DETONABILITY OF THE SYSTEM NITROBENZENE, NITRIC ACID, AND WATER 

C. M. Mason, R. W. Van Dolah, and J. Ribovich 

Explosives Research Laboratory, Bureau of Mines, 
U. S. Department of the Interior, Pittsburgh, Pa. 

INTRODUCTION 

It has been known for many years (2) that nitrobenzene and nitric acid form 
detonable mixtures. 
nitric acid, and 13 percent water to study the reaction thickness in detonation. 
As part of an investigation of liquid explosive mixtures based on nitric acid, 
Kurbangalina (2) studied the explosive properties of a mixture composed of 72 per- 
cent nitric acid and 28 percent nitrobenzene. It was observed that the critical 
charge diameter for this mixture was less than 0.6 mm in contrast to 2-2.5 mm f o r  
nitroglycerin under the same experimental conditions and that the stable detona- 
tion rate was 6,200-6,800 meters per second. 

Cook (2) used a mixture of 24 percent nitrobenzene, 63 percent 

. In cansidering the handling of liquid explosive systems some evaluation must 
be made of the ease of initiation of detonation by mechanical shock in addition to 
the compositional limits of detonable mixtures. In recent years the card-gap tech- 
nique developed by Pape and Whitbread (8) has been used quite extensively (1,3,5,2,2) 
t o  evaluate the relative ease of initiation by an explosive shock, under very spe- 
cific physical conditions of many explosive materials. 
the accumulation of a fair amount of semiquantitative experimental data against 
which new results may be compared to give an evaluation of relative sensitivity to 
shock initiation (10). 

This work has resulted in 

In the present investigation the limits of detonability of the nitrobenzene- 
nitric acid-water system were determined by the card-gap technique at 25' and 
80' C. Within these limits considerable data were obtained on the effect of compo- 
sition on sensitivity, i.e., ease of initiation. Since part of the system forms 
two immiscible liquid phases, the solubility diagram of the three-component system 
was determined at 25' C in order to compare the area of detonability with the area 
in which two phases form. For comparison with the nitrobenzene system, limits of 
detonability were determined for the benzene-nitric acid system at 25' C. 

EWERIblENTAL DETAILS 

The version of the card-gap technique employed in this investigation consists 
of the following elements: 

A donor explosive charge, a variable gap of plastic cards, a container for the 
sample, -and a steel witness plate to indicate whether or not initiation occurs in 
the acceptor cup. The donor is made up of two 25-gram cylindrical tetryl pellets 
(1 inch high by 1-5/8 inches in diameter) whose density is 1.57 f 0.03 grams per cc. 
The shock-attenuating barrier or gap consists of an appropriate number of 0.010-inch- 
thick cards of cellulose acetate stock. 
polymethyl methacrylate are substituted for thick stacks of plastic cards when 
repetitive tests are made at large gap values; the finer gap variations are again 
attained by adding plastic cards. The container is a 3-inch length of 1-inch, 
Schedule 40, black steel pipe sealed off at the bottom with polyethylene film. 

Accurately-machined cylindrical blocks of 
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Evidence of initiation of the liquid is provided by a witness plate of cold-rolled 
mild steel, 4 by 4 inches by 1/4 inch. The tetryl booster rests on a cylindrical 
block of cork or  soft wood 1.62 inches in diameter and 3/4 inch high, with a 
0.280-inch hole along its cylindrical axis into which the detonator is inserted 
(fig. 1). 

In use the components of the test are carefully aligned, the test liquid is 
added to the cup, and the witness plate is set in place on the top of the acceptor, 
After the shot a positive result is indicated by a clean hole cut through the wit- 
ness plate. Any other condition of the plate was interpreted as a negative result. 

I 
t 

5 

L 

k 

\ 

RESULTS 

The concentration limits of-the detonable mixtures of nitrobenzene, nitric 
It was quickly acid, and water at 25" C and SOo C were determined at zero gap. 

apparent that mixtures yielding two phases were not detonable and that the limits 
of detonability coincided with the limits of miscibility over a wide portion of the 
compositional diagram. In confirmation the limits of miscibility were determined 
by titrating mixtures of nitrobenzene and nitric acid with water to a faint opales- 
cence, indicative of the formation of a two-phase system. No attempt was made to 
determine miscibility limits in the region of low nitric acid concentrations. 
Figure 2 gives both the limits of detonability, under the conditions of the card- 
gap test, and the miscibility limits. The two limits are seen to be identical over 
a wide range of compositions. 

The shock sensitivity of the binary nitrobenzene-nitric acid system as a func- 
tion of composition was determined. Figure 3 shows the extreme ease with which 
mixtures near the stoichiometric composition can be shock-initiated. No attempt 
was made to determine card-gap values beyond 5 inches because of the decreasing 
significance of the results at these very large gaps. For comparison, a similar 
investigation was made of the sensitivity of the binary benzene-nitric acid system 
(fig. 4). In this case an apparent maximum sensitivity value at about 5 inches 
gap was obtained for the mixture containing 85 percent nitric acid. The comparable 
card gap value, i.e., the one allowing initiation of normal detonation in nitro- 
glycerin, is about 0.4 inch. Although the real sensitivity of different materials 
cannot be directly equated to the magnitude of the gap values, the nitric acid 
systems must be considered quite sensitive. The region of maximum sensitivity of 
the two binary systems approximated the stoichiometric, or most energetic, mixture 
as anticipated. 

To evaluate the relative sensitivity of various nitrobenzene-nitric acid- 
water mixtures, a series of trials were made on various mixtures at 1- and 2-inch 
card gaps. The results are shown in figure 5 .  

The card-gap technique, in common with most other empirical tests, yields 
results that are subject to variation if different test conditions, such as the 
size of the container or of the donor, are employed. Increasing the diameter of 
the container or  increasing the strength of the booster could enlarge somewhat the 
area of detonable compositions in the single phase systems. The increase in appar- 
ent sensitivity from 25' to 80' C indicates that further temperature increase would 
also enlarge the range of detonable mixtures. The rather close agreement between 
the areas of detonability and miscibility in the ternary diagram indicates that the 
addition of another component to enlarge the range of miscibility in figure 2 could 
increase the detonable range -as well. 

The desensitization caused by low concentrations of water is quite marked, 
Thus in the region of stoichiometric compositions 8 percent water sufficed to 
reduce the card-gap sensitivity from > 5  inches to about 2 inches; another 10 per- 
cent water reduced the sensitivity to about the 1-inch level. Such reduced sensi- 
tivity is quite out of line with a simple reduction of energy content. 



TO r e l a t e  s e n s i t i v i t y  .and l i m i t s  of d e t o n a b i l i t y  t o  the  p o t e n t i a l  energy 
y i e l d s  t h a t  could be expected on detonat ion from various compositions, t h e  l a t t e r  
were roughly estimated from simple thermochemical considerat ions;  p r e c i s e  computa- 
t i o n  of t h e s e  energ ies  d id  not  seem warranted. 

For t h e  react ion C6H5N02 + 5HN03 (I) = 6C02 + 51120 ( e )  + 3N2, the l i b e r a t e d  
energy a t  25O C i s  about 700 k i l o c a l o r i e s  p e r  gram molecular weight of ni t robenzene,  
The s to ich iometr ic  mixture ,  1 mole of nitrobenzene to  5 moles of n i t r i c  a c i d ,  thus 
can y i e l d  about 1 ,600 c a l o r i e s  per  gram of mixture, roughly equivalent  t o  the energy 
y i e l d  f r o m  n i t roglycer in .  For n i t r i c  ac id- r ich  mixtures, t h e  l i b e r a t e d  energy was 
est imated by assuming a complete consumption of the a v a i l a b l e  nitrobenzene and cor- 
r e c t i n g  t h e  f i n a l  value f o r  t h e  t o t a l  weight of t h e  mixture. Mr  f u e l - r i c h  
mixtures ,  t h e  l i b e r a t e d  energy was est imated by assuming t h a t  the r e a c t i o n  proceeds 
i n  three s teps .  Oxidation of carbon t o  carbon monoxide,.and of hydrogen t o  water 
a r e  t h e  two i n i t i a l  s teps .  These a r e  followed by the f i n a l  oxidat ion of the  carbon 
monoxide t o  carbon dioxide.  Water i n  t h e  i n i t i a l  mixtures was t r e a t e d  a s  a simple 
d i l u e n t ,  i.e., not e q u i l i b r a t e d  with carbon i n  the f u e l - r i c h  compositions. On the  
b a s i s  of these  assumptions, t h e  a v a i l a b l e  energy has  been ca lcu la ted  f o r  var ious 
mixtures of nitrobenzene, n i t r i c  a c i d ,  and water. The r e s u l t s  a r e  shown i n  terms 
of constant  enthalpy contours  superimposed on the  region of detonable compositions 
( f i g .  6 ) .  

The energy content  of mixtures  l y i n g  wi th in  t h e  zone of d e t o n a b i l i t y ,  as  so 
es t imated ,  is seen t o  be g r e a t e r  than 440 c a l o r i e s  per gram of mixture ,  t o  a maxi- 
mum of about 1,600 c a l o r i e s  per  gram f o r  the anhydrous s to ich iometr ic  composition. 
That such low-energy l i q u i d  systems should be detonable in  1-inch diameter is  indic-  

In  c o n t r a s t ,  l i q u i d  d in i t ro to luene  a t  200' F 
cannot be i n i t i a t e d  i n  2-1/2-inch s t e e l  pipe with a 240-grain p e n t o l i t e  booster  
( t h e  c r i t i c a l  diameter is on t h e  order  of s e v e r a l  inches) ,  d e s p i t e  an approximate 
energy content  of 560 c a l o r i e s  per  gram. 

a t i v e  of q u i t e  f a c i l e  r e a c t i v i t y .  

The addi t ion  of water ,  as shown i n  f i g u r e  6, has  r e l a t i v e l y  l i t t l e  e f f e c t  on 
t h e  computed energy conten t ,  i n  c o n t r a s t  to  i t s  e f f e c t  on s e n s i t i v i t y .  This  l a t t e r  
e f f e c t  is most s t r i k i n g l y  demonstrated by t h e  abrupt  change of high-energy detonable 
compositions (as  high as 1,200 c a l o r i e s  per gram) to  nondetonable two-phase systems 
by s m a l l  addi t ions  of water. C l e a r l y ,  much of the  two-phase sys tem,  i f  f i n e l y  d is -  
persed (emulsif ied)  and i n  l a r g e  diameter  charges ,  should be detonable. 

The l i m i t s  of d e t o n a b i l i t y  i n  1-inch-diameter charges of the  systems 
ni t robenzene-ni t r ic  acid-water a t  25' C and 80' C and benzene-ni t r ic  ac id  a t  25' C 
were determined. Rela t ive  shock s e n s i t i v i t i e s  were est imated using the  card-gap 
technique. I n  general ,  t h e  l i m i t  of d e t o n a b i l i t y  of  t h e  nitrobenzene s y s t e m  was 
observed t o  coincide with t h e  region of complete m i s c i b i l i t y  i n  the  te rnary  dia- 
grams, and water was found to  markedly reduce the  s e n s i t i v i t y .  Thermochemical 
c a l c u l a t i o n s  showed t h e  l i b e r a t e d  energy of l i m i t  mixtures  t o  f a l l  as low as about 
440 c a l o r i e s  per gram, i n d i c a t i n g  r a t h e r  high, i n t r i n s i c  s e n s i t i v i t y  t o  detonat ion.  
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Further Studles  o f  the hizh k i t e  
Decomposition of iiigh Zrlcrgy Phtericlls 

J. K. Rosen ard J. H. Holder, 
U. S.  Naval Ordnacce laboratory 

White Oak, S i l v e r  Spring, Maryland 

I N  I'W DUCT IOb! 

Recent s tud ie s  at t he  Naval Crdnance Laboratory have ~ e t ; ' n  
ca r r i ed  out  t o  galr :  d d i t i o n a i  informat Lori c;n the sensitivity of 
high eriergji rnater la is ,  A unique thermal s e r i s l t fv i ty  riietriod has 
been devised by 'Fienograd (1) I n  which small ( 3  t o  lj iq) samples 
are very rap id iy  heated t o  temperatures i r i  t he  range of 3SL t o  
1000°C. 'The d e l a y  time t o  explosion is  iwasured as a fucc t ion  of' 
sample temperature.  

Triis present  r epor t  c o n t a i n s  x i d i t i o n a i  thermal s e n s i t i v i t y  
da ta  on high energy l i q u i a  Con1E;osftioris i;sfng Weriograd s xet i iod .  
' h e  work was performed F r i m r i l y  t o  demonsLr4ate tkle capab i l i t y  
of  t he  thermal s e n s i t i v i t y  method i:: Sollowing changes i n  tile 
sens iLiv i ty  of n igh  energy systems. 

sample i s  enclosed i n  a 24 
hypodermic needle  tilbing. The t u b i n g  Is then h a t e d  vera:; L 
by discharging a capac i tor  th rough  i t ,  and Its resistance 5.2 
measured a s  3 func t ion  of L i m e .  '&e LeniFerature t o  whicii xiie 
Lubfrig has beea r a i s e d  by the capac i tor  dischnrge can  de 
ca lcu la ted  from the  r t i t lo  of' i t s  hot r e s i s t a n c e  t3 I t s  r,oo:G 
temperature r e s i s t ance .  biher. t he  sa:r.Gle h ' i t i i i r i  t h e  LgLe explcues,  
i t  b u r s t s  t he  tube wai l  causing a n  a.ovup~ 2ia:ige ;rr Li-ie resisL:?nci. 
of t he  tube.  Therefore,  Loth t l ie ternpers.twe of the san:pie csn- 
t a i n e r  and che d e l a y  time Lefore the saxiple explodes car: ii! 
determined by measuring ihe reslst ;ance of t:ie hyvoder::Lc :lecaie 
tube as  a func t ion  of time. Ir, the  s e n s i t i v i t y  apparatus ,  t:lic 
i s  done by making the tube one ar% OS a Wheatstone kriuge c l i T L t  
and d isp lay ing  t h e  .unbalance vol tage o f  t he  b r i d g e  on a n  ouclLlo-  
scope. 'l'he delay time i s  a l s o  neasured w i t h  an e l e c t r o n l c  t imer  
which is started by a s igna l  from tne  capac i to r  d i scharge  anu 
stopped by a s i g n a l  frcjni a rnicrophone located near t he  b u r s t i n &  
sample tube.  

In the  tnerrmi s e n s i t i v i t y  deternlnat ior ,  a 2 . 1  c;icrcjli.ter 
i n c h  length of  s t a i n l e s s  Steel 



EXPERIMENTAL 

No basic  change has been made i n  the  o r i g i n a l  c i r c u i t  
designed by Wenograd (1). 'he fundamental p a r t  of t he  c i r c u i t  
is shown schematical ly  i n  Figure 1. l!he high vol tage pu l se r  
c o n s i s t s  of a high vol tage  power supply, which charges a 2 F 
capac i to r  t o  vo l t ages  ranging t o  about 7 kV, and 5C22 t hy ra t ron  
f o r  switching t h i s  charge.  ' h e  capac i tor  discharges i t s  energy 
through a l l  t h r e e  branches of t he  c i r c u i t ,  but because of the  
lower r e s i s t a n c e  of R, +&, t he  bulk of the  cur ren t  flows through 
t h i s  pa th .  When the  capac i to r  has f in i shed  discharging,  t h e  
high-voltage p u l s e r  r ep resen t s  an open c i r c u i t  and only the  
simple Wheatstone bridge powered by %through %remains. 

the open ends i n  the  l i q u i d  a s  shown i n  Figure 2. A i r  is removed 
from t h e  tubing by evacuation. 
t h e  l i q u i d  sample i s  forced  i n t o  the  tubing.  About 0.1 cc  of 
sample i s  required f o r  a series of measurements. 

The sample tubes a r e  e a s i l y  f i l l e d  w i t h  a l i q u i d  by placing 

When t h e  atmosphere i s  readmitted,  

It i s  poss ib le  t o  work with v o l a t i l e  l iqukds i f  t he  sample i s  
cooled t o  reduce the  vapor pressure.  In t h i s  way the  sample may 
be loaded by evacuat ion without permit t ing a s i g n i f i c a n t  loss of 
the sample. 

the thermal s e n s i t i v i t y  experimental  da ta .  In  add i t ion  t o  com- 
put ing temperatures  from t h e  unbalance vol tages ,  t he  program y i e l d s  
a lease square f i t  of t h e  da t a  t o  the  s t r a i g h t  l i n e  defined by 
log,, delay time i n  mi l l i seconds  = A + 
A l l  of  t he  data  shown represent  t he  r e s u l t s  of the  l e a s t  square 
f i t  descr ibed above. 

A program f o r  t h e  'IBM 7090 d i g i t a l  computer i s  used t o  t r e a t  

lOOOB 
T, O K  

RESULTS AND DISCUSSION 

The employment of improved experimental techniques has 
reduced the amount of s c a t t e r  of the  data compared t o  t h a t  pre- 
v ious ly  reported (1). Figure 3 i s  r ep resen ta t ive  of t he  measure- 
ments a t . t h e  p re sen t  t ime.  The dashed l i n e s  represent  t h e  
l i m i t s  of one s tandard devia t ion  of log,, delay time. l h ree  
r e p l i c a t e  measurements of  n i t rog lyce r ine  made a t  i n t e r v a l s  of 
about one month are shown i n  "able  1. 
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TABLE 1 

THERMAL SENSITIVITY O F  NITROGLYCERINE 

'l'emp o, O C  

a t  250 Stand. dev. 
microsec. Slope, of log,, No. of nange , 

Sample delay B L -  delay t i m e  t r i a l s  m i l l i s e c .  

1 395 7.7 0.21 1 '7 0.03 t o  b.27 
2 392 8.3  0.22 13 0.02 t o  6.03 

3 397 8.1 0.19 20 0.04 t o  27.50 

1000 E /1 log,, delay t i m e  i n  mil l iseconds = A + T, OK 

Most of the experimental  e r r o r  a t  t h e  present  time can Le 
a t t r i b u t e d  t o  osc i l l o scope  d r i f t  and unce r t a in ty  i n  t h e  r e s i s t a n c e  
measurements. It i s  not expected t h a t  a fur t r ier  improve:nent i n  
t h e  q u a l i t y  of d a t a  can be achieved w i t h  t h e  apparatus  i n  use.  

Tetranitromethane ('YNM) w i t h  two added f u e l s  , toluene and 
nitromethane, was s tud ied  i n  an attempt t o  follow changes i n  
s e n s i t i v i t y  a s  a func t ion  of composition. l'he data  obtained were 
extrapolated t o  t h e  10 microsecond delay times and the  temperatures 
corresponding t o  t h e s e  t imes were p l o t t e u  a s  a funct ion of com- 
pos i t i on ,  Figures 4 and 5. For purposes of comparison w i t h  o o o s t e r  
s e n s i t i v i t y  data, the 10 microsecond t i m e  seemed reasonable a s  
that  i s  the approximate time an explosive is heated t o  a high 
temperature by the  shock wave i n  the booster  type t e s t .  

A very sharp drop i n  Lernperature is  obtained w i t h  t he  addi- 
t i o n  of 6% toluene, Figure 4, which i s  i n t e r p r e t e d  a s  a marked 
inc rease  i n  s e n s i t i v i t y .  The r i s e  i n  temperature obtained w i t h  
l a r g e r  amounts of toluene i s  bel ieved t o  r ep resen t  a decrease i n  
s e n s i t i v i t y .  

The temperature drop d i d  not appear t o  be a s  sharp a s  t h a t  obtained 
wi th  added toluene.  Further measurements w i l l  be made t o  complete 
the TNM-nitromethane study. 

The' TNM-nitromethane system was b r i e f l y  inves t iga t ed ,  Figure 5. 



Tschinkel and Pbrr ison inves t iga t ed  t h e  s e n s i t l v l t y  cf . ::ii: 
.. . with added benzene and nitromethane ('2 ) . .?hey fourd : he  3.5~:- 

t i o n  of 5% benzene increased t h e  "card gap" value f o r  'Xi.! :'roc, j:, 
t o  g r e a t e r  than 300. 
value g r e a t e r  than 300. However, only a r e l a t i v e l y  sr:Qll 
inc rease  i n  s e n s i t i v i t y  occurred with added riitr0:nethar.e. '?ne 
maximum "card gap'! value was 80 a t  70% TNM. 

TNM with 25% benzene a l s o  had a "card ~ ~ ~ j ' '  

Tschinkel and Morrison point  out  t h e  l a r g e  d i f f e r e n c e  between 
t h e  shock s e n s i t i v i t i e s  of 'l'Nf4 x i t h  added benzene and nitromsthane. 
'l'his l a r g e  d i f f e rence  i s  not  i nd ica t ed  by the  thermal s e n s i t i v i t y  
method where t h e  minimum temperatures required f o r  therms1 k i -  
t i a t i o n  d i f f e r  by only about 100°C. ' h e  g r e a t e s t  s e n s i t i v i t y  of 
TNM containing toluene occurs  i n  t h e  range of rnaximm energy a s  
computed by Tschinkel and W r r i s o n  e Ir: the 'I'I.lI.l-hydrocarbonJl4-hydrocarbori system, 
t h e r e  i s  a gene ra l  agreement betweer. shock s e n s i t i v i t y  ana thermal 
s e n s i t i v i t y  da t a  as both show a marked inc rease  i n  s e n s i t i v i t y  
with t h e  add i t ion  of a small percentage or  hydrocarbon. 

It seemed worthwhile t o  examine t h e  s e n s i t i v i z y  o f  n i t r o -  
g lyce r ine  witk added dimethyl ph tha la t e  as t h i s  compound has been 
used a s  a d e s e n s i t i z e r  f o r  yi t roglycer i r ie .  Lata obtained on a 
number of compositions are shown i n  Figure 6 .  Progressive 
inc reases  i n  dimethyl ph tha la t e  content  a l s o  inc rease  the  
temperature required f o r  t h e r m 1  i n i t i a t i o n .  ?he decrease i n  
s e n s i t i v i t y  w i t h  t h e  a d d i t i o n  o f  9.3% and lb.7$ dimethyl ph tna la t e  
appear t o  be r a t h e r  small. It i s  believed t h i s  Is a r e a l  e f f e c t  
although it could not be defended by a s t a t i s t i c a l  proof. A very 
l a r g e  d i f f e rence  i s  noted between 303; and 40% dimethyl phthalate , .  
p a r t i c u l a r l y  a t  s h o r t  delay times. 

Although the  hot-tube thermal s e n s i t i v i t y  information is 
believed t o  provide a good c h a r a c t e r i z a t i o n  f o r  high energy 
materials, it cannot be considered t rustworthy i n  determining 
handling hazards. Ce r t a in ly  t h e r e  are many p rope r t i e s  t h a t  a f f e c t  
the s e n s i t i v i t y  c h a r a c t e r i s t i c s  of a l i q u i d  such a s  vapor pressure,  
v i scos i ty ,  and chemical r e a c t i v i t y .  

Further s t u d i e s  of high energy systems w i l l  be c a r r i e d  out 
t o  g a i n  i n s i g h t  i n t o  t h e  parameters t h a t  a f f e c t  t h e  thermal 
s e n s i t i v i t y  . 

REFERENCES 

(1) J. Wenograd, Trans. Faraday SOC., 22, 1612 (1961). 

( 2 )  J. G. Tschinkel and C. R. MDrrison, J. of Chem. and m g a  
lata, 2, 350 (1958). 



39 

RJ= R4.25 OHM NON-INDUCTIVE RESISTOR; RAa IO OHM NON-INDUCTIVE RESISTOR; 
Rp= CONSTANTAN RESISTOR; R , = T U B E  UNDER TEST; Ega 2 4 V  STORAGE BATTERY; 

E = OSCILLOSCOPE 
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"PHOTOCONDUCTIVITY OF LEAD AZIDE" 

M. A.  Cook, R. T. Keyes, C. H. P i t t ,  and R. R. Rol l ins  

I n s t i t u t e  of Metals and Explosives Research 
Universi ty  of Utah 

S a l t  Lake City, Utah 

Introduct ion 

h, Evans and Yoffe'l) repor ted  lead  azide t o  be a weak photoconductor w i t  
t h e  m a x i m u m  i n  i t s  s p e c t r a l  d i s t r i b u t i o n  occurr ing a t  about 36508. McLaren 
repor ted  t h e  absorpt ion edge t o  b e  40002 and that absorpt ion a t  f requencies  
below t h i s  was due t o  r e s i d u a l  c a r r i e r s  and could be used as an ind ica t ion  of 
t h e  p u r i t y  of the sample. 
and Rogers(3) the photocurrent  f o r  lead a z i d e  w a s  found t o  increase  a t  f i r s t  
rap id ly ,  (but a t  a r a p i d l y  decreasing r a t e )  t o  reach a s a t u r a t i o n  value a f t e r  
about 30 seconds i l lumina t ion ,  the  i n i t i a l  r ise  being produced by photoelec- 
t r o n s  migrat ing toward t h e  anode. With continued i l lumina t ion  t h e  photocur- 
r e n t  decreased by exponent ia l  decay t y p i c a l  of a space charge l i m ' t a t i o n  of 
t h e  flow of e lecfrons,  owing t o  t h e  immobility of p o s i t i v e  holes; j4)  a f t e r  
prolonged i l lumina t ion  t h e  primary photocurrent leveled off a t  about 0.2 of 
the  maximum. A l i n e a r  r e l a t i o n s h i p  w a s  found between t h e  primary photocur- 
r e n t  and t h e  e l e c t r i c  f i e l d  s t r e n g t h  i n d i c a t i n g  t h a t  most of t h e  photoelec- 
t rons  were trapped before  reaching  t h e  anode. Sa tura t ion  of t h e  photocurrent 
by increas ing  t h e  e lectr ic  f i e l d  s t r e n g t h  d i d  not  occur. 

Dumas(5) s tudied  t h e  ra te  of photo lys i s  (photochemical decomposition) of 

In  t h e  photoconductivity experiments of McLaren 

amorphous lead a z i d e  as a func t ion  of the  s p e c t r a l  q u a l i t y  of t h e  inc ident  
l i g h t  and found the  ra te  t o  be proport ional  t o  the  i n t e n s i t y  of i l lumina t ion  
wi th  peaks occurr ing a t  2800i and 24002. 
p a r t i a l l y  decomposed samples, a l though they were detected i n  f r e s h l y  prepared 
samples. The peaks a t  28002 and 24002 were ascr ibed t o  two exc i ton  bands. 
An F center  was assumed t o  be formed from an exci ton by the  t rapping  of an 
e l e c t r o n  a t  an anion vacancy. The p o s i t i v e  holes  from t h e  d i s s o c i a t i o n  of 
t h e  exc i tons  then supposedly d i f f u s e  
form ni t rogen  gas. 

Photocurrents were obtained i n  

t o  t h e  sur face  and combine i n  p a i r s  t o  

Rate-time and r a t e - i n t e n s i t y  curves i n  the photolysis  of sodium, mercur - 
ours, and lead az ide  were repor ted  by Dodd.(6) 
mental quantum y i e l d  was determined t o  be 0.056, a va lue  considered by Dodd 

The d i f f u s i o n  cons tan t  f o r  photolysis  w a s  given as 
;OIE'lif cm'/sec. Dodd considered that the ra te  c o n t r o l l i n g  s t e p  i n  photo lys i s  
might be the  d i f f u s i o n  of some l a r g e  en t i ty , (9)  and t h a t  t h i s  d i f f u s i o n  
e n t i t y  was perhaps molecular n i t rogen  formed along g r a i n  boundaries. 
rate o f  migrat ion of t h e s e  molecules t o  t h e  surface was thus considered t o  be 
d i f f u s i o n  cont ro l led .  

For lead  az ide  t h e  experi-  

l o  er l i m i t .  

The 

I 
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The purpose of the present investigation was to determine some of the 
factors that affect the photoconductive behavior of lead azide thereby augmen- 
ting the rather limited informatiin presently available, to study the defect 
structure and solid state properties of lead azide through photoconductivity, 
and finally to determine possible relationships between photoconductivity and 
explosive sensitivity. 

Experimental Methods 

Compressed pellets made either from especially-grown small single crys- 
tals or from commercial lead azide were used in this investigation. The 
single crystals were grown in the dark by a diffusion method which utilized 
the reaction of hydrazoic acid vapor on a lead nitrate s~lution.~,~ Well- 
formed crystals approximately 5 mm long and 1 nun in diameter were grown by 
this method. 

A special sample holder (Fig. 1) adapted to hold 1/4" and 1/8" pellets, 
held the pressed lead azide pellet under illumination. 
constructed of copper and mounted in a pyrex dewar flask to permit either 
cooling or warming the sample as well as evacuation to prevent oxidation of 
the sample surface. The lead azide pellet was mounted between silver elec- 
trodes electrically insulated from the copper block. Electrical connections 
were made by tungsten leads sealed through the pyrex dewar section. Quartz 
windows were used to permit transmission of ultra-violet light, the windows 
being placed on both sides of the assembly to permit light absorption mea- 
surements if desired. In experiments requiring monochromatic illumination 
the sample holder was mounted in a plastic block and placed in a Beckman 
DK-2 spectrophotometer. 
Farrand Optical Company with a range of 22OOg to 65008 was also employed. 
Illumination was provided by an Osram HBO-200 high pressure mercury lamp 
Model 520-A. A Photovolt Corporation photometer was used to measure the 
intensity of the incident beam controlled by Kodak Wratten neutral density 
filters. The lead azide pellet was mounted in series with a decade shunt, 
which in combination with the electrometer formed a sensitive ammeter. 

Under the influence of an electric field a small dark current was 
observed. This dark current was allowed to reach steady state, and the 
photocurrent was taken to be the increase in the current above this steady- 
state dark current when the sample was illuminated. 

The sample holder was 

A Uvis Grating Monochromator obtained from the 

' 

Experimental Results 

Photoconductivity vs. time, temperature, field strength; 
Figure 2 presents curves showing the variation of photocurrent at 36OC, 
-8OoC, and -195OC with time of illumination, utilizing the full output of 
the lamp and an electrical field strength of about 160 volts/cm. At 36OC 
the photocurrent continued to rise even after 200 seconds illumination. 
For the lower temperatures the photocurrent rose to a maximum value then 
under continued illumination dropped to a fraction of the maximum. 
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The drop  i n  photocurrent may be a t t r i b u t e d  t o  a bu i ld  up of space charge 
r e s u l t i n g  from t h e  decreased mobili ty at  low temperatures of the  pos i t i ve  
holes  c rea t ed  when e l e c t r o n s  a r e  r a i s e d  t o  the  conduction band. This space 
charge was removed by permi t t ing  the  sample t o  warm up t o  room temperature 
and remain over n igh t  wi th  no applied f i e l d .  
however, t h e  space charge disappeared much more rap id ly .  The photocurrents 
i n  genera l  decreased as t h e  temperature was lowered. The f a c t  tha t  i n  the  
example here a higher photoconductivity w a s  recorded a t  -195OC than a t  - 8 O O C  
was ev iden t ly  due to d i f f e rences  i n  the  h i s t o r y  of t he  samples. In  runs (c) 
and (d) which were e s s e n t i a l l y  the  same, the  maximum photocurrent was only 
about one half  t h a t  of run  (b) ind ica t ing  tha t  space charge was s t i l l  present 
t o  l i m i t  t h e  cur ren t .  
which were found t o  be reproducib le  i n  subsequent experiments. 

A t  elevated temperatures, 

There are some pecul ia r  f l a t  s ec t ions  i n  curve (b) 

The e f f e c t  of t he  e l e c t r i c  f i e l d  s t r eng th  on the  photoconductivity of 
l ead  a z i d e  i l lumina ted  a t  40602 was determined by varying the  appl ied  v o l t -  
age. 
appl ied  voltage which ind ica t ed  t h a t  most of t h e  photoelectrons were trapped 
before  reaching t h e  anode, a f a c t  which precluded determination of t h e  
quantum ef f ic iency .  

The r e s u l t  w a s  a l i n e a r  r e l a t ionsh ip  between photocurrent and the  

The e f f e c t  of sample th ickness  f o r  i l lumina t ion  a t  40608 was i n v e s t i -  
gated us ing  118'' d i ame te r  p e l l e t s  containing 10, 15, 20, and 25 mg of 
c o l l o i d a l  l e a d  az ide .  
th ickness .  This w a s  t h e  r e s u l t  of a g rea t e r  number of e l ec t ron  donating 
cen te r s  present  i n  t h e  th i cke r  p e l l e t s  and the  f a c t  t h a t  t he  d is tance  
between e l ec t rodes  remained constant a t  1/8". The photocurrent, on the  
o the r  hand, decreased wi th  p e l l e t  thickness;  t he  decrease w a s  probably due 
t o  the  f a c t  t ha t  t h e  number of e l ec t ron  traps increased with p e l l e t  volume 
(a bulk e f f e c t )  bu t  t h e  reg ion  cont r ibu t ing  photoelectrons remained con- 
s t a n t  s i n c e  the photoe lec t rons  were re leased  i n  a t h in  sur face  l aye r  on t h e  
i l lumina ted  s i d e  of t he  p e l l e t .  
those involving t h e  e f f e c t  of sample  thickness) were made using 20 mg p e l l e t s  
pressed t o  the  same th ickness .  

Photocurrents v s o  wave length  of inc ident  l i g h t  and hea t  treatments:  
Typical curves of photocurrent aga ins t  wave length  f o r  two p e l l e t s  pressed 
from f r e s h l y  dried,  commercially prepared c o l l o i d a l  lead az ide  a r e  shown i n  
Fig. 3. The des i red  wavelength was s e t  on the monochromator while the 
sample w a s  sh ie lded  from the l i g h t .  
which w a s  s u f f i c i e n t  t i m e  f o r  t h e  photocurrent t o  reach i t s  maximum value, 
and the  reading taken, t h e  process being repeated i n  measurements a t  each 
wavelength'. By f a r  t h e  most prominent peak f e l l  a t  40602, with smaller ones, 
somewhat d i f f i c u l t  t o  reso lve ,  located a t  36508, 54002, and 5800g. The major 
peak a t  40608 f e l l  beyond t h e  absorp t ion  edge loca ted  a t  400011. 
occurs at  365061 which is wi th in  the absorption band of lead az ide  but  accord- 
i ng  t o  Dodd, et. a1.,(6) would not occur f o r  longer wavelengths. 
t h e  peak a t  40608 was not  due t o  photolysis.  

The dark cur ren t  proved t o  increase  with p e l l e t  

Because of t h i s  e f f e c t  a l l  runs (other than 

The p e l l e t  was then i l lumina ted  10 seconds, 

Photolysis 

Therefore, 

I n t e r e s t i n g  conduct iv i ty  e f f e c t s  were found i n  p a r t i a l l y  decomposed sam- 
p l e s  obta ined  by heat  t r e a t i n g  lead az ide  a t  25OoC f o r  varying lengths  of time, 
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250°C being well below the  (usual) "explosion" temperature of l ead  azide.  
In i t i a l lyAthe  hea t  treatment w a s  conducted by plunging a small aluminum . capsule containing 50 mg of l ead  az ide  i n t o  a molten metal ba th  of t he  
des i red  temperature. 
5, 10, ang315,minutes of such treatment i s  shown i n  Fig. 4a, and i n  Fig. 4b, 
plotJ$p,ioq zc Pi f f e ren t  scale,  a r e  t h e  photocurrents a f t e r  20, 30, and 40 

The spec t r a l  d i s t r i b u t i o n  of the  photocurrents a f t e r  

eatment. 
i s  increase  becoming p a r t i c u l a r l y  l a rge  with 20 t o  40 minutes 

The increased photoconductivity i n  the  4060x band 

e,  e f f e c t  of more extended "aging" a t  250'C on the  photoconductivity 
i n  the  40608 band w a s  s tud ied  i n  order t o  determine whether the  photoconduc- 
t i v i t y  continued t o  increase,  reached a maximum and then leveled o f f ,  o r  
a t t a i n e d  a maximum and then decreased. 
heated i n  shallow metal t r ays  i n  a drying oven a t  250'C f o r  t i m e s  ranging 
from 5 minutes up t o  260 minutes showed a marked increase  i n  the  dark con- 
d u c t i v i t y  with time. However, i t  w a s  impossible t o  measure the photocurrents 
aga ins t  t h i s  high-dark cu r ren t  background. I n  Fig. 5 a r e  p l o t t e d  the  maximum 
dark cu r ren t s  a s  a func t ion  of the  time of heat-treatment, these  maxima 
occurring a s  a r u l e  2 t o  3 minutes a f t e r  app l i ca t ion  of t he  e l e c t r i c a l  f i e l d .  
The h ighes t  dark cur ren t  occurred a f t e r  about 15 minutes heat treatment.  
Af te r  40 minutes heat-treatment the  dark cur ren t  had leve led  off i n  time a t  
a l e v e l  considerably below t h i s  value. 
v/cm was s u f f i c i e n t  t o  des t roy  near ly  a l l  t he  ava i l ab le  centers  providing 
photocurrent e l ec t rons .  
was neg l ig ib l e  compared t o  t h e  dark cur ren t .  Heat-treating the  lead  az ide  a t  
250'C i n  shallow t r a y s  i n  a drying oven ev ident ly  had a d i f f e r e n t  e f f e c t  than 

Samples of co l lo ida l  lead  az ide  

An e l e c t r i c  f i e l d  s t r eng th  of 1575 

This is suggested by the  f a c t  t h a t  the photocurrent 

e sad1 aluminum capsules i n  the molten metal bath.  The samples 

e shallow samples. 
i t y  of 3.62 g/cm3 is only 4*10-4 cal/cm' sec. Ca/cm and thus 

more e f f i c i e n t l y  exposed t o  the  hea t  owing t o  t h e  smaller 
The thermal conduct 'v i ty  of lead  az ide  a t  

t h e  sample may not have heated e f f i c i e n t l y  i n  the  former method. 

Curve (b) of Fig. 5 was p lo t t ed  from da ta  obtained using t h e  same pe l -  
l e t s  except that the  dark cu r ren t  readings were taken a f t e r  one minute exposure 
t o  the  e l e c t r i c a l  f i e l d ,  a t  which time the  maximum dark cur ren t  had not a s  
y e t  been reached, and curve ( c )  show; t i e  r e s u l t s  of a second r u n  t h a t  was made i n  
t h e  same manner. The dark cu r ren t  was aga in  a maximum a f t e r  10 t o  20 minutes 
heat-treatment although i n  t h e  re - runs  the  absolu te  magnitudes of cur ren t  were 

01 ,the following day t h e  p e l l e t  t h a t  had been hea t - t rea ted  fo r  15 minutes 
was re-run. Before the dark cu r ren t  had leve led  of f  i t  w d s  i l lumina ted  a t  
40602 and .ex!iibited an  increased cu r ren t  flow. 

,Jower. 

When i l lumina t ion  w a s  discon- 
a c t e r i s t i c  exponential  decay of cur ren t  was observed. The dark 
era continue3 t o  increase.  Upon re - i l lumina t ion  t h e  e l e c t r m e t e r  
t o  o s c i l l a t e ,  and the  sample suddenly detonated. Another p e l l e t  
0 minutes was mounted i n  the  holder and the  e l e c t r i c  f i e l d  
l l y .  

t h e  10-8 aTpere range, a t  which t i m e  the  po ten t i a l  was removed quickly t o  avoid 
ano th  sion. 

The dark cur ren t  reading b u i l t  up and went o f €  s c a l e  on 

Col lo ida l  lead  az ide  w a s  t r e a t e d  i n  a s i m i l a r  manner a t  100'C. I n  t h i s  
case, photocurrents were measurable above the  dark cur ren t  background. The 
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photocurrent in t h e  406OX band and the  dark curren t  are shown in Fig.-6 as a 
funct ion  of the time of h e a t  treatment. Maximum values  correponded aga in  t o  
treatment times i n  the 10 to 20 minute range, 

Storage i n  d i f f e r e n t  gases: m e  e f f e c t s  on photoconductivity in the 
40602 band of extended s t o r a g e  a t  35% i n  nitrogen, oxygen, air, carbon dioxide,  
and argon were i n v e s t i g a t e d  using samples prepared by a0ng.(lo) 
lead  az ide  was,placed i n  pprex test tubes wrapped with black tape so as to  be 
l i g h t  t igh t .  
35OC. and dr ied gases w e r e  passed a t  a coustant  rate of  flow through the  samples, 
Samples were removed at d e s i r e d  i n t e r v a l s  and the  lead azide content,  s e n s i t i v i t y  
to l i g h t ,  igni t ion,  and photoconductivity determined. IAe photoconduct ivi t ies  
a r e  shown i n  Fig. 7.  Treatment times were continued t o  80 days f o r  nitrogen, 
air, oxygen, and argon and 28 days fox carbon dioxide. Surpris ingly,  a l a r g e  
increase  i n  photoconductivity was observed f o r  samples s tored  i n  ni t rogen,  
Storage i n  a i r  and oxygen produced much smaller increases,  w h i l e  storage i n  
argon appeared t o  lower the photoconductivity. The exposure in carbon dioxide 
was not  s u f f i c i e n t l y  long to e s t a b l i s h  a d e f i n i t e  trend. zleasureents w e r e  
usua l ly  made i m e d i a t e l y  a f t e r  the samples had been removed frm the treatment 
box. Sowever, tk points marked 1 and 2 are the  values  obtained f o r  -les 
t h a t  had been t r e a t e d  i n  the ni t rogen atmosphere for 65 and 80 &ys respect ively,  
a n d  then rerun €or photoconductivity a f t e r  having been s tored  i n  the &ark in 
a sealed, bard rub& conta iner  a t  ambient condi t ions for about 5 veeb and 
4 w e e k s  respect lvely.  The photocurrents were s i g n i f i c a n t l y  diminished as a 
result of such stmage. i31 air i n d i c a t i n g  a decrease in the nudk=r of e l e c t r o n  
donating centers in t h e  -le. Irs order  to determine wre dePin i te ly  if t h e  
number of centers  could be inf luenced in this say, new samples that had been 
e e a t e d  65 and 80 days in nit rogen a t  35% vere placed in a vac- oven at 
&DO% for 6 hours (with p o i n t s  3 and 4 resu l t ing)  a d  f o r  1 6  hms (points 5 
and 6). 

Ihe c o l l o i d a l  

The test tubes e r e  mounted in  a rack i n s i d e  a box cont ro l led  a t  

%e p b t o c u r r e a t s  were thereby reduced t o  much 1 w . e ~  valwes. 

Mscussion 
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(N3 + e ) $ e  + hv' -? N3 + E 

The r e s u l t  is  the formation of a p o s i t i v e  hole  and a conduction e lec t ron ,  the 
former being immobile a t  low and mobile a t  high temperature. 

The 40608 band i s  by f a r  the  most prominent one i n  the  photoconductivity 
spectrum of a- lead azide. It is  not  assoc ia ted  with photolysis  because photo- 
l y s i s  occurs only f o r  wavelengths shor te r  than the  absorpt ion edge a t  40002. 
The 40602 band was  s t rongly  a f f e c t e d  by hea t  t reatment  and by s torage  i n  n i t r e  
gen gas. For these  reasons it i s  bel ieved t o  be due t o  V c e n t e r s  ( i n t e r s t i -  
t i a l  ni t rogen atoms). 
ni t rogen envir.bnment i n d i c a t e s  t h a t  the  n i t rogen  molecules absorb on  the  lead 
az ide  surface,some cf them d i s s o c i a t i n g  i n t o  ni t rogen atoms, eventua l ly  f ind ing  
t h e i r  way i n t o  i n t e r s t i t i a l  pos i t ions  i n  the  lead  az ide  l a t t i c e  t o  promote 
photoconductivity. Since photoconductivity i n  l e a d  az ide  may be l a r g e l y  a s u r -  
face phenomenon, it i s  poss ib le  t h a t  the  n i t rogen  atoms need not  d i f f u s e  f a r  
i n t o  the l a t t i c e .  The f a c t  t h a t  the  dark conduct ivi ty ,  which is a bulk e f f e c t ,  
was a l s o  increased ind ica tes ,  however, that considerably more than a t h i n  sur- 
face layer  may be involved. The s i z e  of n i t rogen  atoms and molecules and the 
l a t t i c e  parameters of lead  a z i d e  do not p r o h i b i t  the  p o s s i b i l i t y  of d i f fus ion  
i n t o  the  l a t t i c e .  The decomposition of lead az ide  with thearo lu t ion  of n i t r o -  
gen a t  surface and i n t e r n a l  d e f e c t s  of t h e  c r y s t a l  should a l s o  c o n t r i b u t e  t o  
the formation of t h e  V cen ter .  Indeed some of the enhancement in photocon- 
duc t iv i ty  by heat- t reaiment  may be due t o  t h i s  e f f e c t .  These V1 c e n t e r s  con- 
t r i b u t e  t o  the  photocurrent by the following mechanism: 

The enhanced photoconductivity r e s h l t i n g  from the  

N- 3 2N2 + e- 4 

N + s u r f a c e  2 

Nitrogen molecules could d i s s o c i a t e  and e n t e r  t h e  l a t t i c e  forming more V 
cen ters  or d i f f u s e  t o  t h e  sur face  and escape. 
d i f fus ion  constant  reported by Dodd.(6) 
been confirmed by Shuskus, e t .  al . , ( lz)  
b e  a l i n e a r  conf igura t ion  stable only a t  low t e m  e ra tures .  
has been discussed a l s o  by King and Coworkers(13P i n  s t u d i e s  of sodium azide.  

The la t ter  would expla in  t h e  
The presence of the  N4 r a d i c a l  has 
i n  potassium azide;  i t  was repor ted  t o  

This conf igura t ion  

Of p a r t i c u l a r  i n t e r e s t  i s  the  f a c t  t h a t  a maximum i n  the  dark conduct ivi ty  
aga ins t  t i m e  curve occurred a t  about 10 t o  15 minutes treatment a t  250°C and a t  
100°C. It i s  s u r p r i s i n g  t h a t  the  maximum f o r  samples aged a t  100°C occurred a t  
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about the same time as samples aged at 250°C indicating that at least two 
opposing effects are involved or the effect is a zero enthalpy and finite 
entropy one. 

The origin of the 430012 band is as yet unknown. It appeared only in a 
sample aged at 250°C for 15 minutes (see Fig. ha). 
this band may have an important bearing upon sensitivity because this parti- 
cular sample was the one that detonated in the photoconductivity apparatus. 

The centers producing 

The 54002 band had approximately the same intensity as the F band and 
may thus be associated with it in one way or another. 
p-band produced by an excited electron on an anion near an F center. 
possibility is an 5 center (two neighboring vacancies with an associated 
electron). 

The 580012 band is believed to be due to F centers, since this is the 
spectral region where F centers are usually located, and F centers were 
definitely present because the samples became colored under the effect of 
illumination. Electron micrographs of replicas of lead azide crystal sur-  
faces(l4) showed that lead azide decomposed by a semi-conductor mechanism, 
i.e., by a process involving the transfer of electrons. Decomposition is 
accompanied by the growth of lead nuclei on the crystal surfaces, primarily 
on the(010) face and electrons andfor excitons find their way to one of these 
muclei which acts as an electron trap, charging the nucleus negatively where- 
upon the nucleus may then attract lead ions causing the continued growth of 
the nuclei during decomposition. Since the slow decomposition of lead azide 
occurs via an electron transfer processs, the concentrations and types of 
active centers might be expected to influence the slow decomposition of lead 
azide and the consequent formation of a "hot spot" in the case of initiation 
of detonation. 

One possibility is a 
Another 

A miniature card gap test for the sensitiveness of primary explosives to 
shock initiation similar to the standard test adopted for liquid momopropell- 
ants was developed at this laboratory.(l6) 
azide heat-treated for various lengths of time at 25OoC, 117f the lead azide 
being taken from the same batches as those used in the photoconductivity mea- 
surements, in order to make a direct comparison of the sensitivity and photo- 
conductivity results. In these tests the lead azide exhibited a maximum sen- 
sitivity at a treatment time of 15 minutes. A test for measuring the sensi- 
tiveness to initiation by light similar to the one developed by Eggert(18) 
was also applied to heat-treated lead azide,(lO) and a maximum in the sensi- 
tivity was. found to occur after 5 minutes heat-treatment. It is interesting 
to note that the times to sensitivity maxima fell approximately in the same 
range of heat-treatment times that yielded the maximum dark conductivity for 
agin at 25OOC and the maximum dark conductivity and photoconductivity in the 
4060i band for aging at lOOoC . Originally it was thought that the increased 
sensitiveness from heat treatment was due to autocatalytic action of the lead 
specks, although the appearance of the maxima after such short heat-treatment 
times when very little decomposition and lead speck growth had occurred was 
difficult to explain. 
indicated, however, active centers other than lead specks must be produced by 
the heat -treatments. 

It was appli d o colloidal lead 

The dark conductivity and photoconductivity results 

The colloidal lead azide samples that had undergone (dark) storage at 
35°C in various dry atmospheres were also subjected to the light ignition 
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test f o r  s e n s i t i v i t y ( l O )  a f t e r  26, 65, and 80 days. 
gen, a i r ,  and oxygen treatments the  s e n s i t i v i t y  w a s  not found t o  be s i g n i f i -  - can t ly  d i f f e r e n t ,  and it d id  not appear t o  vary with the  length  of treatment. 
Af te r  26 days i n  argon, however, t he  lead az ide  was somewhat l e s s  s e n s i t i v e  
than the  standard and a f t e r  65 and 80 days the  s e n s i t i v i t y  proved t o  be 
lowered considerably more. 
t h e  same material (Fig. 7) a poss ib le  explanation fo r  these  r e s u l t s  i s  t h a t  
during the  previous h i s t o r y  of the  sample exposure t o  the  a i r  w a s  s u f f i c i e n t  
f o r  t he  d i f fus ion  of n i t rogen  and poss ib ly  oxygen i n t o  the  lead  az ide  l a t t i c e  
t o  produce a c t i v e  cen te r s  probably of t h e  V1 type. 
concerned the  argon environment ac t ed  s i m i l a r  t o  a vacuum, reducing the  p a r t i a l  
p ressure  of n i t rogen  t o  zero and allowing the  centers  t o  d i f f u s e  from the  c rys-  
tal.  I n  the  case  of lead  az ide  s to red  i n  nitrogen, a i r ,  and oxygen addi t iona l  
a c t i v e  cen te r s  were formed as shown by the  photoconductivity measurements; the 
increased number of centers ,  al though e a s i l y  detected by photoconductivity, 
were not s u f f i c i e n t  t o  produce a s i g n i f i c a n t  change i n  s e n s i t i v i t y .  

I n  t h e  case  of the  n i t r o -  

I n  view of t h e  photoconductivity r e s u l t s  with 

A s  f a r  a s  these  atoms were 

The above co r re l a t ions  suggest t h a t  one may eventua l ly  r e l a t e  s e n s i t i v i t y  
t o  photoconductivity or possibly dark conduct iv i ty  once t h e  a c t i v e  cen te r s  
a r e  i d e n t i f i e d  tha t exe r t  t he  g rea t e s t  e f f e c t  upon s e n s i t i v i t y ,  and it i s  de te r -  
mined how these  centers  i n t e r a c t  and how t h e i r  concentrations al ter the  slow 
decomposition of lead  azide.  
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- In t roduc t ion  

The one-dimensional i g n i t i o n  of an explosive from a .sure 
thermal  h e a t  source i s  known from experiment t o  r e q u i r e  a c e r t a i n  
c r i t i c a l  energy p e r  u n i t  a r e a  from t h e  i n i t i a t i n g  source ,  below 
which i g n i t i o n  will no t  occur  even thouch t h e  exnlos ive  ad jacen t  
t o  t h e  source may be induced t o  undergo some chemical r eac t ion .  
Thus, a s e l f - s u s t a i n e d  combustion ( i . e . ,  i g n i t i o n )  czn r e s u l t  
on ly  when t h e  ra te  of hea t  product ion by the  chemical r e a c t i o n  
o f  a c e r t a i n  r e q u i s i t e  q u a n t i t y  of  the explos ive  is  g r e a t e r  t han  
t h e  ra te  of hea t  l o s s  t o  t h e  Surroundings. .4s t o  whether t h e  
i g n i t i o n  r e s u l t s  i n  normal combustion, o r  a thermal  explos ion  
fol lowed by de tona t ion  i s  a matter which i s  r e l a t e d  t o . t h e  
k i n e t i c  na tu re  of t h e  d<?composition o f  t h e  exp los ive ,  t h e  lieat 
f l u x  fron: t h e  i n i t i a t i n z  source ,  arid t h e  pi lysical  cond i t ions  - 
(e .g . ,  packing dens i ty ,  cliarge d i m e t e r ,  e t c .  1 of t:ie exp lcs ive .  
T h i s  t o p i c  i s  g e n e r s l l y  beyond the, scope Df this  paper. 

sper in ien t ' a l  va lues  o f  l;i..e t::err:i:nl energy requi re t i  . t o  . . . 
i \ , e  tin e x i l o s i v e  are very rn . i:.organ (1 J invss t ig :a ted  

i g n i l i o n  of lA_rhly f l m : n a b  l i d s  ' by meals .of e?:ort !:,it 
r . i r e s  m u  found ;I l i n e a r  r e l i ,  i p  between the c r i L i c A  

i Lien -.nF;r:;y rrid ii-:e iniLiztir+; t h e .  J:>:ies [ 2 )  c~>iis'irmed , '  

s f i n e l r i g  titiins a v a r i e t y  G f  ix+tch-Lesd c ~ ~ , i p s i  t i g n s .  . .  

iiryan ;*lid ~ioontifi ~ \ 3 J cieteriiiined r:?e xini ixm ener:;ies, de 
i n  a 3 x i l l i s e c  i n t e r v a l  t n a t  were j u s t  s u f f i c i m t  t o  i 
u n i t  a r ea  o f  s e v e r a l  e x p l o s i p k  'and found values  wnich ranged 
from g r e a t e r  t han  0.4 cal/cm f o r  T W ,  LO l e s s  than  0.1 cnl/cm 
€ o r  l e a d  s typhnate .  

The theo ry  of  i g n i t i o n  of s o l i d  combustibles has, r ece ived  
d e t a i l e d  t r e a t m n t  (4), althou?;h t h e  r e s \ i l t s  are  no t  g e n e r a l l y  8; 

d i scussed  d i r e c t l y  i n  terns  o f  t h e  i g n i t i o n  energy. This '  
paper  d i scusses  t h e  thermal  i g n i t i o n  energ ies  o f  exp los ives  
from t he  viewpoint of t h e  hea t  cond.uction .and k i n e t i c  processes  
involved. 

I g n i t i o n  Enerzv 

!'$hen a s t e p  func t ion  h e a t  source is brought i n  con tac t  h i t h  
a u n i t  area o f  an exp los ive ,  h e a t  f lows i n t o  t h e  exp los ive  r a i s i n g  
i t s  temperature .  kn e s s e n t i a l l y  cons tan t  temperature  Ts i s  

' .  
. . .  

, .  
1 .  . ,  

. ,  
. .. 



e s t a b l i s h e d  a t  t h e  i n t e r f a c e  between t h e  hea t  source  and the  
e x p l o s i v e  i n  a t i n e  very s h o r t  compared t o  t h e  i g n i t i o n  de lay  
t i m e  o f  t h e  explos ive ;  its magnitude depends on s e v e r a l  f a c t o r s ,  
i n c l u d i n g  t h e  temperature  and energy conten t  of t h e  h e a t  source ,  
t h e  int imacy of c o n t a c t  between the  source  and t h e  explos ive ,  
and c e r t a i n  phys ica l  and chemical p r o p e r t i e s  o f  t h e  explosive.  
The temperature  T a t  a given d i s t ance  x wi th in  t h e  explos ive  
is  given  a s  a func t ion  of time t by ( 5 )  : 

where T i s  t h e  i n i t i a l  temperature  of t h e  explos ive ,  and kd 
i s  i ts  tfiermal d i f f u s i v i t y  (K pC I ,  where a r e  t h e  
average c o e f f i c i e n t  of  thermal  cgnduct iv i ty ,  t h e  degs i ty ,  and 
t h e  average hea t  capac i ty ,  r e spec t ive ly .  Chemical r e a c t i o n  i s  
induced  i n  t h e  explos ive  a t  a r a t e  c o n s i s t e n t  wi th  t h e  thermal 
decomposition k i n e t i c s  and t h e  l o c a l  temperature  of t he  explosive.  
Fo r  s u f f i c i e n t l y  low h e a t  flux, i g n i t i m  never occurs  s ince  .ieat 
conduct ion t o  t h e  environiiient holds  the  tamperature  of t h e  
exp ios ive  l o w  enough t h a t  s e l f - h e a t i n g  ddes not  occur. For 
h i g h e r  hea t  f l u x ,  s e l f - h e a t i n g  of  t h e  e x d s s i v e  does occur ,  mcl 
t h e  t i m e  t o  explos ion ,  wliich i s  c d c u l a b l e  by t h e  i+ank- 
Kamanetski equat ion ,  depends on the  s i z e  of the  explosive.  Yor 
s u f f i c i e n t l y  high h e a t  f l u x ,  which i s  t h e  case we consider  i n  
t h i s  paper ,  chernical r e a c t i o n  is  i n i t i a t e d  very r a p i d l y  due t o  
t h e  high sur face  temperature  o f  t h e  explos ive .  5e l i - sus t a ined  
i g n i t i o n  occurs when t h e  t o t a l  conauct ive he-lt t r a n s f e r  from 
t h e  source is s u f f i c e n t  t o  i n i t i a t e  a flaine which w i l l  propagate  
wi th  a v e l o c i t y  c o n s i s t e n t  with the  ambient condi t ions  f o r  a 
r e q u i s i t e  l eng th  t h a t  is detern ined  by t h e  t h e r m 1  d i f f u s i v i t y  
and t h e  burning v e l o c i t y  of t h e  explosive.  Under these  condi- 
t i o n s  t h e  r e a c t i o n  zone can f u r t h e r  s u s t a i n  i t s e l f  frcm the 
exp los ive .  For t i m e  pe r iods  l e s s  than  t h a t  requi red  t o  t r a n s -  
f e r  t h e  r e q u i s i t e  energy,  i g n i t i o n  w i l l  no t  occur  even though 
l o c a l  chemical r e a c t i o n  of t h e  explos ive  t akes  pldce ad jacent  
t o  t h e  hea t  source. For  t i m e  per iods  g r e a t e r  than  t h a t  re- 
q u i r e d  t o  transfer t h e  h e a t  necessary t o  i g n i t e  t h e  explos ive  
t h e  i g n i t i o n  energy becomeo a func t ion  o f  the hea t ing  t i m e .  

The hea t  f lux F through t h e  su r face  of  t h e  explos ive  
ie obta ined  by mul t ip ly ing  t h e  time d e r i v a t i v e  of  h q . ( l ) ,  
eva lua ted  a t  x =  0 ,  by K, S u b s t i t u t i n g  .b / t=F i n  t h e  
r e s u l t i n g  express ion  gives: 

K ,  p , C 

whe& 
explooive.  

There are var iouo  cr i ter ia  f o r  d e f i n i n g  i g n i t i o n .  The 
usually considered c r i t e r i a  f o r  i gn i t i on  are def ined  by t h e  
condi t ion8  necesoary f o r  a t r a n s i t i o n  from a pseudo-steady 
heat transfer t o  a non-steady proceoo of r e a c t i o n  (4). For 
t h e  p re sen t  case wb may cons ider  t h i s  t o  occur  when t h e  hea t  

E is t h e  energy p e r  un i t  area conducted i n t o  t h e  
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i 

f l u x  i n  t h e  s u r f a c e  of t h e  
i s  equa l  t o  l / e  t h a t  due 
s i n c e  under t h i s  cond i t ion  
a d i a b a t i c a l l y  and t h e  hea t  

exp los ive  due t o  chemical r e a c t i o n  
t o  hea t  t r a n s f e r  from t h e  source,  
theruial i n i t i a t i o n  i s  underway 
source can have very l i t t l e  f u r t h e r  

i n f l u e n c e  on- t he  i g n i t i o n  process.  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  f a c t o r  used i n  r e l a t i n g  t h e  
chemical h e a t  f l u x  t o  t h a t  from t h e  heat  source.  The h e a t  
f lux due t o  chemical r e a c t i o n  is pqv ,  where q is  t h e  hea t  
of chemical r e a c t i o n  and v is t h e  l i n e a r  burning v e l o c i t y  
c o n s i s t e n t  with the  su r face  temperature.  Q u i t e  g e n e r a l l y ,  

However, t h e  computations a r e  

- I  s 

L = ( M / P I J )  
where Iq i s  t h e  molecular weight,  and It i s  Avg=adrG's 
number; Z and ii a r e  t h e  Arrhenius k i n e t i c  parameters f o r  
t h e  r a t e  c o n t r o l l i n g  thermal s u r f a c e  decomposition r e a c t i o n  of 
t h e  exp los ive ,  and H i s  t h e  gas  constant .  Hence f o r  i g n i t i o n :  

is  the  monolayer t h i ckness  of t he  exp los ive ,  

The i g n i t i o n  ene rg ie s  c a l c u l a t e d  by Eqs. ( 2 )  and ( 4 )  o f  
s e v e r a l  seccndary explosives  which were s t u d i e d  experimental ly  
by Bryan and Noonan ( 3 )  f o r  a 3 m i l l i s e c  hea t ing  per iod a r e  
summarized i n  Table 1. The c ~ m p u t e $ ~ v a l u e s  of T, -are a l s o  
given.  Values of K and C O f 5 ( 1 0  ) cal/(cm-sec K) and 
0.44 cal/gm'OK were employe#; q was c a l c u l a t e d  assuiring the  
oxygen i n  t h e  ex losive t o  first form CO, t h e n  H 0, and f i n a l l y  
co . 
TN?, t e t r y l ,  RUX, and PKTN, r e s p e c t i v e l y ,  C r y s t a l l i v e  d e n s i t i e s  
were used, and t h e  computations were performed u s i n g  t h e  ava i l -  
a b l e  publ ished decomposition k i n e t i c e .  

Table  1. 

Explosive Exp t l  9 Computed E ,  Zqs. (21 ,  ( 4 ) .  

TN T 7 0 . 3 8  0.75 1771 0.6% 1428 
0.48 1098 0.34; 861 

Values of 830, 8ll+, 1220, and 1400 cal/gm w 8 r e  obtained f o r  

Comparison of Experimental and Theoce t i ca l  I g n i t i o n  
Energ ie s  . 

(cal/cm 1 E'  T ( K )  T 

c 0.395 9 3 5  
T e t r y l  0.33 
RDX 0 . 3 3  
PETN 0.25 0.34 858 0.25 705 

'Kinetics from ref* 6; &ref. (7a); 'ref, ( 7 b ) ;  &re f ,  ( 7 ~ ) ;  5,efe(7d).  
. 0 . 2 1  638 

The g e n e r a l  agreement of  t h e  computed ene rg ie s  with t h e  
experimental  values  i s  very good; t h e  p e r f e c t  agreement i n  some 
c a s e s  is  of course f o r t u i t o u s  s i n c e  t h e  est imated va lues  of some 
of t h e  parameters may be i n  e r r o r ,  and i n  any event  t h e  exac t  
v a l i d i t y  o f  t h e  experimental  d a t a  is  not  known. The f a c t o r  1/e 
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which was used t o  r e l a t e  t h e  conduction and r e a c t i o n  f l u  changes 
( d e c r e a s e s )  t h e  computed ene rg ie s  by on ly  a b x t  100  from t h a t  o f  
u s i n g  a f a c t o r  of u n i t y .  However, t h e  f a c t o r  l / e  is  bel ieved 
e s s e n t i a l l y  c o r r e c t  s i n c e  it roughly d e f i n e s  t h e  i n f l e c t i o n  po in t  
on an a d i a b a t i c  rise i n  r e a c t i o n  r a t e .  

Three th ings  may be e s p e c i a l l y  noted from dqs. ( 2 )  and (4 ) .  The 
i g n i t i o n  energy is  a s t r o n g  f u n c t i o n  of t h e  temperature d i f f e r e n c e  , 
(Ts-To). Hence a high i n i t i a l  ambient temperazure w i l l  lower t h e  
energy r equ i r ed  f o r  i g n i t i o n .  This was previously noted by Hicks 
(4b) on i g n i t i o n  de lay  t i m e .  TS is very s e n s i t i v e  
t o  t h e  thermal decomposition k i n e t i c s  f o r  a f i x e d  hea t ing  t ime; 
t h e  faster the decomposition r a t e  ( a t  a given temperature)  t he  
lower the  value o f  Ts. Thus i n i t i a t i n g  explosives  u s u a l l y  r e -  
q u i r e  smaller  i n i t i a t i n g  ene rg ie s  t h a n  do secondary explosives .  
F i n a l l y  i t  is seen t h a t  t h e  i g n i t i o n  energy v a r i e s  as t h e  square 
r o o t  of t h e  hea t ing  t i m e  ( f o r  one-dimensional hea t ing ) .  Th i s  
was a l s o  noted by Hicks,  and has  been d i scussed  i n  d e t a i l  by 
Yang ( 8 ) .  Yang a l s o  t r e a t e d  *he l i n e  and point  source ca?$s, 
and showed t h a t  t h e  i c n i t i o n  energy v a r i e s  as t and t 3  
r e s p e c t i v e l y  i n  t h e s e  cases .  These r e s u l t s  a r e  d i r e c t l y  t r a n s -  
posable t o  the p re sen t  t reatment .  'The i n f luence  of t h e  h e a t i n g  
t i m e  on t h e  i g n i t i o n  energy given i n  q. ( 2 ) , i n  Hick's paper,  
and i n  t h e  paper of Yang is c o n s i s t e n t  with t h e  experimental  
obse rva t ions  of Jones ( 2 )  on s o l i d  exp los ives ,  and Jones and 
S t o u t  ( 9 )  on gaseous exp los ives .  

The value of 

The i g n i t i o n  t i n e  ti f o r  a f i x e d  Ts i s  given by 

t i  = a(Ts-To) ~ X ~ ( ~ E / H T ~ )  ( 5 a )  

Lq. ( 4 ) :  
2 

(5b )  . 
a = (KCP/Te2pq  2 L 2 z 2 )  

An estimate of T, is r equ i r ed  t o  use t h i s  equation. 

an explosive a s  a f u n c t i o n  of t h e  hea t ing  time f o r  high hea t  
f l u x  condi t ions.  I t  was a l s o  mentioned, however, t h a t  some 
minimum energy is always r equ i r ed  t o  i n i t i a t e  an exp los ive ,  
below which energy i g n i t i o n  w i l l  no t  occur. 
energy may be e s t i m a t e d  from a s l i g h t  modif icat ion o f a n c e p t s  
used i n  e s t ima t ing  t h e  minimum i g n i t i o n  energy o f  gases ,  and 
w i l l  be discussed i n  a subsequent paper. 

i g n i t i o n  is  a pure thermal  r eac t ion .  However, it is  known t h a t  
c e r t a i n  s u b s i d i a r y  f a c t o r s  such a s  chemical e f f e c t s  from c e r t a i n  
g a s e s ,  such as oxygen, o r  c a t a l y t i c  e f f e c t s  from t h e  h e a t i n g  
source  may in f luence  t h e  i g n i t i o n  process .  The i n c l u s i o n  of 

Equations ( 2 )  and (4)  g ive  t h e  energy r equ i r ed  t o  i g n i t e  

This m i n i m u m  

The q u a n t i t a t i v e  approach employed i n  t h i s  paper is t h a t  

' 



63 

these  f a c t o r s  i s  beyond the scope of t h i s  paper ,  but  it may be 
mentioned t h a t  t h e i r  gene ra l  i n f luence  should decrease  as t h e  
temperature of tne swrce  and i t s  accompanying hea t  f i u x  i s  i n -  
creased.  
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, Q u a n t i t a t i v e  Analysis of  Card-Gap Tests 
The Reflected biave Technique 

Paul K. Salzman 
Aerojet-General Corporation 

Downey, Cal i fornia  

I. INTRODUCTIOX 

One of t h e  most useful methods of e v a l k t i n g  s ock s e n s i t i v i t y  of propellatits and 
explosives  is the  card-gap shock a t tenuat ion  
considered t h e  most impartant parameter causing detonat ion i n  shock i n i t i n t e d  explosives, 
fo ivers ion  of  gap thickness  t o  shock pressure has been car r ied  o u t  a t  NO$ and Aerojet, 

for various diameter card-gap tests using Plexiglas  (or  Lucite) a s  the a t t e n u t i n g  
medium. 

It has been noted 1 9 5  that t h e  shock pressure a t  the  end of t h e  a t tenuat ing  gap 
is not  t h e  same as the shock pressure enter ing the  t e s t  sample because of the  
"impedance-mismatch" a t  the interface between the  Plexiglas  a t tenuator  ana t h e  test 
sample. 
two media and is unknown s i n c e  t h e  d a t a  does not, i n  general, e x i s t  f o r  most 
propel lan ts  and explosives. 
q u a l i t a t i v e .  

was developed1 t o  determine t ransini t ted shock pressures i n  card-gzp test configurations 
without measurement or knowledge o f  the  test-sample properties. 
l a w s  governing the modif icat ion of shock waves a t  the in te r face  between tke  iiiedta and 
the experimental measurement of  the v e l o c i t i e s  of the incident  and r e f l e c t e d  m v e s  a t  
the in te r face .  

&?cause shock pressure i s  

s 

The magnitude o f  t h i s  chmge depends on c e r t a i n  :!echanicid ? roper t ies  of the 

Without t h i s  knowledge card-gap t e s t  results remain 

An experimental-theoretical method, cal led the  "Fieflected Nave Tech:iqueI1 ("Xd'I'") 

The method uses  the  

The main purpose o f  this inves t iga t ion  was t o  exper iqenhl ly  determine t h e  accur.zcy 
of the  "FUiT'. . This was done by using the  "RWTI1 to compute the shock pressure 
t ransmit ted t o  *dater, carbon t e t r a c h l o r i d e ,  20Z-T4 alminunl 2nd C 1018 cold r o l l e d  
steel  using various diameter card-gap test configurclions, a.:d conpiring the r e s u l t s  
.with values  of t ransmit ted p r e s s m e  obtained independently. 

t ransmit ted shock pressure could not  be computed independently. 

considered des i rab le  to determine from t h e  above results if an empirical cor re la t ion ,  
independent of the t e s t  diameter,could be found between the incident  and t ransmit ted 
shock pressui.e for  each Plexiglas-ecceptor  pair. 
considerable  time i n  a l l o u i n g  subsequent determination o f  transmitted pressure without 
further appl ica t ions  o f  the llALIT1. 
F s s u r e - p a r t i c l e  v e l o c i t y  data f o r  each mater ia l  tested. Since t h i s  represents  a 
new and r e l a t i v e l y  simple method of Hugoniot determination, the accuracy of  t h e  results 
were ma.Xuated by comparison wi th  values  from t h e  literature. 

The method was a l s o  
- af i ied  t o  two other  materials (simulated propellanta and #30 sand) for which the . 

Since each appl ica t ion  of t h e  I'RLIT' requires  t h e  use of a s t reak  camera, it vas 

Such a r e l a t i o n  would save 

I n  addi t ion,  appl ica t ion  of t h e  %iJP1 provides 

In this invest igat ion,  a series of  f m i n g  maera s t u d i e s  were made i n  order  t o  
determine if a definite i d e n t i f i c a t i o n  of  the  incident ,  re f lec ted ,  and ( for  t rans-  
pirent acceptors )  t ransmit ted shock waves could be made. Also, observat ions irere 
made to help  determine to w h a t  extent the  Plexiglas  i s  a l t e r e d  by, o r  m d e  o g q u e  
8, t h e  prior passage of t h e  i n c i d e n t  shock. 

a hwe thane ,  dumhm and potassium chloride. 

I 
.i 



Figure l a  i s  a s c h e m t i c  of t h e  general experimsntd set-up used t o  ~ l k t a r i h ~  the 
v e l o c i t i e s  ol tiie i i d d e i i t  and r e f l e c t e d  waves. The r e l a y  l e n s  Y ~ B  used t o  obtain an 
o v e r a l l  m g n i f i c a t i o n  of about 1 and was al igned with the  s t r e a k  cadizrz l e n s  bj 
mounthg it on an o p t i c a l  bench r i g i d l y  at tached t o  t h e  -era ckassis .  The d i s t a w e  
between t h e ' l e n s e s  was about 4811. 
(approximately 33" f r o n  the  an ior  g l a s s  a t  the end of t h e  porthole) ,  vas nountsd on a 
s t e e l  stand such t h a t  t h e  Plexiglas-saiple  in te r face  was near the  opt ica l  axis .  ?Pith 
this arrangement a f i e l d  o f  view (on the  v e r t i c a l  a x i s )  of about  l", a t  the evant, was 
obtained. 2acklighting was p o v i d e d  by an argon bo:?i, tifit c o n s i s t d  of a diaiieter 
by 7" long q u a r t  ice-creaq container  with a s l a b  of  compsii;ion C-4 high explosivz at. 
one end and a t rans lucent  c o v e r k g  of Saran wrap and vellwn p iper  a t  the  o ther  end. 
The bonb was taped to  a stand so that its axis was on t h e  o p t i c a l  a x i s  of t h e  system 
and was placed from 13-15" behind the  event. Figures l b  3nd. lc  a r e  d e t a i l s  of the 
two t y p e s  of  events  used i n  t h i s  program. The f irst  shovs the  card-gap test configu- 
r a t i o n  used f o r  s o l i d  samples u h i l e  the  o ther  Qhows the equivalent  test set-up used 
f o r  l i q u i d  samples (5.e. the tlaquariuI1l'l method .) To el iminate  the d i s t o r t i o n  of  tho 
l i g h t  from the  argon bonb by the  curved surfaces  ol" $he Plcxigl.-,s colur.m, narrow 
p a r a l l e l  f lats were mchined  and polisl?ed along opposite s ides  of a l l  the colurms. I n  
each t e s t  t h e  length  to diametsr r a t i o  of t h e  t e t r y l  donor was kept  c o n s h n t  a t  a 
value of 2. For the sol id  tests t h e  
acceptor diameter was kept equal to the column diameter while t h e  s a i p l e  height was 
always 2 inches. 

The event, which was about 6' froin the re lay  l e n s  

The t e t r y l  densi ty  var ied from 1.5 - i.6 g/d. 

A high-speed continuous writing s t reak  caxcra was used f o r  a l l  shock pressure 
measuremat tests. 
f/2.5 l e n s  with a f o c a l  length of  7" was used .in tine caners. 
an aperture of  f/6, had a focal l ength  o f  24". 
in. wide) was used to  nake the  shock f r o n t  i m g e  as s h s p  as possible. In order ta 
help minimize coDputation e r r o r s  a t u r b b e  sped of  approxkmtely 2000 r y s  qms used 
(wri t ing rate = 2.9 d p s e c )  which gave a s t reak  a t  a aiigla of about $5O t o  the  f i l in .  
For most of the  acceptor iaaterials, t e s t a  ;;rere conductad w i t h  colwms of + I ,  l ' l ,  & I ,  

and 2" diameter and lengths  of $I, l", lp, and 2". 
restricts t h e  f i e l d  o f  view to t h e  f l a t t e n e d  port ion o f  these colunns. 

I n  order  t o  Laice the  set-up depictsd i n  Figure l a  pi-actlml, a 
The r e l a y  lens ,  with 

The s d l e s t  a v a i l s b l e  slit (0.0Ol 

' h e  dit of 31:; :;.are.;;: :: 

The streak-camera film record produced f o r  each test was reduced by reading t h e  

To obta in  real values  of  sizock ve loc i ty  t h i s  
films with a Gaertner microcomparator. The da ta  w a s  then nuilerically d i f f e r e n t i a t e d l  
to give a v e l o c i t y  a t  t h e  film plane. 
d a t a  was mul t ip l ied  by t h e  r a t i o  of the magnification and time f a c t o r s  f o r  each tes t .  

The event ( t e s t  set-up), s t reak  -era, film development procedure, micro- 
c o m p a r a t o r ,  and ca lcu la t ion  methods may all be considered as SOUTC~S of s y s t e m t i c  and 
random e r r o r  in the experimental determination of shock veloci ty .  'mere possible, 
procedural refinement and/or changes were adopted i n  an attempt to minimize eriwr. 
The es t imated-overa l l  e r r o r  in v e l o c i t y  was about 3.5%. In  addi t ion,  the e r r o r  in 
the determinatLon o f  shock pressure is always grea te r  than i n  t-he de teminat ion  o f  
shock veloci ty .because of  the re la t ionship  between them. .The average e r r o r  in 
determining Shock pressure was computed to be about 13%. 

A 'high speed framing camera was used f o r  t h e  q u a l i t a t i v e  inves t iga t ions  of the 
program.. The test set-up was similar to that depicted i n  Figures l a  - IC except that 
no relay lens was used. 
at a framing rate of about  980,000 frames per second. 
could be followed a t  about 1.05 p e c  intervals..  . . 

A camera speed of  a b u t  @OO r p s  was used to obtain 25 frames 
A t  this speed t h e  shock wave 



Eq's 1-3 ?re s t r i c t l y  appl icable  only to one-dimnsion:il ( ? l a z e !  chocks. 3 e n  
thougli ;ne sno5<s producad i n  these t z s t s  (sce Fi,--e 2 )  I r e  x m + m  :.:.Ci t k - e r ' c r e  
a t  l e a s t  tvo-d.imensio:lal, th-? slit of  the  s t reak  czxera used t o  obtain the aa*k 
r e s t r i c t s  t h e  f i e l d  of  view t o  such a smll p r t i o n  of  the wr=vo that the  c ; l r ~ n t ; r e  
may be ignored and t h e  waves c<xisidered planar. 
C 

This assmpt ion  means, i n  t h i s  cas-?, t i a t  t h e  dens i ty  a d  equation of strlte of tbe  
mediun through which the  r e f l e c t e d  v3ve passes is unchanged ( o r  o n l y  s l i g h t l y  
d i f f e r e n t  1 f roz Plexiglas. 
d 

s t r i c t l y  va l id  only a t  t h e  i n t e r f a c e ,  t h e  nleasureaents of  .Up and Ur irere ,%de a t  soxie 
sidl dis tance  ( C h )  f r o r r ,  tine actual interface.  
r e f l e c t i o n  t h e  incident  and r e f l e c t e d  waves overlap ( f o r  a time equal to the  incident  
wave pulse width) causing d i s t o r t i o n s  of the s t r e a k  record. These dfs tor t io i i s  can be 
seen near t h e  in te r faces  o f  the records shown i n  Figure 3 .  
measurements near, r a t h e r  than a t ,  the  in te r face  i s  considered negl ig ib le  s ince  
a t tenuat ion  o f  the waves over such s m l l  dis tances  is negl igible .  

Although the  basic equation ussd t o  cer ive  equation 5, :i.e., e,:juation 1 ) i s  

This ims done because during 

The e r r o r  introduced bjr 
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Ii'ugoniot d a t a  f o r  the  acceptor m y  be computed 
2 with ui = up. 

= Up i U r  

Since both up and I+ were computed i n  applying 
equation 6. It is d s o  possible  t o  canpute Ut 

from t h i s  r e sa t  (i.eo, P t )  and e q u t i o n  

the W ; I T ' ,  ut is f o u d  d i r e c t l y  from 
from Pt  and ut by rearrangement of 

equation 3, i f  t h e  dens i ty  of the  acceptor medium is  known. 

IV. RGSULTS AD DISCUSSIOB 

A. Framing Camera Studies  

The results of  13 t e s t s  with a frmiing caxera a r e  su-ized i n  Table I. ii t y p i c a l  
Defini te  i d e n t i f i c a t i o n  of the r e f l e c t e d  wave was i:ade i n  record is shown i n  Figure 2. 

all but 3 of the t e s t s .  
case, no visual  damage (Le. ,  breaku? o r  opaci ty)  to the  Flexiglas  immediately hehind the 
incident  wave occurred. 
of  shock pressures (Pp) a t  the i n t e r f a c e  (7 t o  70 K k r )  over xkiich the above observation 
is valid. Although no d e f i n i t e  csnclusion can be made, these resiults help to sup_oort 
t h e  assuiintion m d e  i n  the  development of t h e  t'R;;IF that, "the inc ident  wave does not  
g r e a t l y  d t e r  the  Plexiglns.'I 

Further exarnination of  the records showed t h a t ,  exceFt i n  one 

The tsro column d iane ters  and various lengths  provided a range 

The results i n  Table I show tkt the  curvature of the waves f o r  each d iane ter  coluxn 
was approximtely cons tmt .  
indeoendent of the  t o t a l  a t tenuat ion.  diameter C S l U n n S  is G.OE%, 
mm-l'wriile tliat f o r  2" diameter co lums i s  ~ ~ ~ 1 2  im.= I n  the w0rs.L case the rraximm 
deviat ion from planar i ty  for t h a t  port ion of  the  shock mve vLevc:2 t!,rough the s t reak  
canera sl i t ,  is less t m n  O.C.2, .;.. 1.:; LL-stifies the  assumption ::lade .>I - A 3  

r;:.v;,?.cpment of t h e  "WT'  t ha t  the one-dLxxxional equations a r e  appl icable  in this czs:. 

KO ef fec ts ,  per t inent  to the  results in' Table I, of the  acceptor material were. 

T'nis indTcates that c;;rvatme i s  a geonet r ica l  property 
' 

The average, fcp 

noted. 
were general ly  superior  to the res t .  
sur face  (see Figure I C )  acts as a second b l a s t  sh ie ld  and helps keep the gaseous 
detonat ion products which obscure t h e  view, f r k a  foll.owing the inc ident  wave too 
closely. 
over which the r e f l e c t e d  wave may be viewed s ince the  gaseous products n e e t  the  
re f lec ted  wave soon after re f lec t ion .  
Figures 3a-?d that the  durat ion of the r e f l e c t e d  wave is longer f o r  t h e  l i q u i d  acceptor  
( the  scale of Fi,y,re 3a is  Sicce zctud 
card-gap t e s t s  are always ary the  shor te r  d m a t i o n  over sriiich the r e f l e c t e d  wave :.q- be 
r;easmed is more r e a l i s t i c  i n  terms of w h t  is t o  be expected. 
no spec ia l  r e s t r i c t i o n  on tile "itJT' a k c e  .;ii? -.5.0cl? ~f t i e  rcfidct1?d .,rzvs caii -as 
ciet:?i.;ninxi even f o r  very s h o r t  durat ions when a niicrocoinparator is used f o r  the  
measurements. 

h i e v e r ,  it was noted t h a t  f o r  t h e  l i q u i d  acceptors  (water and CC@ the  records 
This i s  probabl j  ?.ue to th.7 fact that the  l i q u i d  

In the dry  shots ,  the  lack  of t h i s  added protect ion restricts the 'd i s tance  

This view is s u p p r t e d  by t h e  observation i n  

half' the o thers )  than f o r  t h e  dry  acceptors. 

;<o-.:ewi-, tiiis ~ L ; ! - S G S ~ S  

A number of the  framing w e r a  tests gave sone unumal resu l t s .  Two a r e  or' sone 
interest here. In one t h e  shock wave appeered se l f - lminous  2ri a l so  the argon 50mb 
apparently did :lot l i g h t .  
under whlch the result occurred could be repeated, it might be possible  to carry out  
the  llEJT' without baclJ ight ing,  and subsequent s i n p l i f i c a t i o n  o f  t h e  tes t .  
tes t  the  apparent shock wave thickness  is rr) 8.0 ~ m .  
averaged2.5 ran) and ind ica tes  a low veloc i ty  shock waveo 
v a r i a t i o m  i n  th'e t e t r y l  donor q u a l i t y  may exist. 
Cook? and is of concern s ince  t'ne r e l i a b i l i t y  of t h e  card-gap test depends on the 
reproducib i l i ty  of shock pressure a t  a given a t tenuator  dis tance which i n  turn  depencis 
d i r e c t l y  on t h e  q u a l i t y  of  the donor used. 

No h i e d i a t e  explanation can be given but if the  conciitions 

In  m o t h e r  
This is .unusually high (most shc ts  

Tcis would L p i y  t imt  
This var ia t ion  has been noted by 



The first measure w i l l .  aJ.wg~s be p o s i t i v e  and descr ibes  the c v x d l  percc:1tage sccwacy 
o f  t h e  method and is t h e  main one considered. 
negat ive and d e s c r l b s  t h e  o v e r a l l  percentagd bi-s (02 d i r o c t i m )  of t h e  :r.etliorl sild 
de te rn ines  il" any cons is ten t  t rends  exist. 

appeared on, the s t reak  canera record (see Figure 3 0 )  and%+, .tlzs ::.e::s~.?re?;: cj&rect.ly, 
u t  computed froin the  equat ion of s h t e  reportsd i n  the litcratiire,q and P i  ( the  
independent neasure) computed from equation 3. 
winputed by the %dF. 
t h a t  f o r  P lex ig las  t h e  c c p t l v e  (-) sicg was used i n  equation 5 f o r  the  "1WT" crrlcu?.stioii. 
Because of  t h e  hea l th  hazard involved at the  tes t  s i t e  only a sindl 3sioun5 of  s i n i l a r  
d a t a  f o r  CC14 w w  found. 

s t r e a k  camera record d i d  not  show the  t ranwlt tc .2  wava (see F i k u e s  3 b 4 ) .  I n  t h i s  
case t h e  s'mck pressure t ransmit ted (the independent mensurerncnt) rr;:~ b:. fowid by a 
graphical  methDd which uses t h e  know Hugoniot Is of  the acceptor  and P 1 e ~ i g l a s . ~ ~ ' ~ ' - ~ '  
These values (Pth) are then coinpared t o  t h e  ones comp.uted by t h e  "ii!W. For botil o f  
these  materials, the impedance is known to be higher than tht f o r  Plexiglas  and the 
p l u s  (+) s i g n  was used i n  equat ion 5. 
Ilreflected Hugoniotll method a3 a n  independent aeasure of transinitted pressure when 
appl ied to t h e  opaque acceptors ,  it was first appl led t o  the  t ransparent  acceptors  
mpt ioned  above, so  t h a t  a w!nparison with the  measured r e s u l t s  could be made (Pth v s  

Die socond misure m y  be pos i t lve  o r  

For t h e  t ransparent  acceptors  (i.e., %O and C C 1  j 'he shock transiaitt5d 

This vas tken co:nr,ared t o  t'ne value 
Since tb impedame of  water and C C l 4  arc 1:iiovn t o  be l e s s  til= 

For those acceptor  inaterials that a r e  opaque (i.ee, s t ee l  and al.iminm), the 

In  order  t o  check the accuracy of using t h i s  

P t ) .  

The "RdT' was also appl ied  to two o ther  acceptor materials which are opaque but 
The naterials were simulated propel lant ,  Q = 1.65 f o r  - hich the Hugoniots are u i h  wn. 

g/> and #30 shnd,? = 1.36 g/d. The hpedances of these r a t e r i a l s  a r e  unknown but 
s i n c e  simulated propel lant  is a coherent s o l i d  rliore dense than Flexiglas ,  the  plus  (+) 
sign was used i n  equation 5 w'-.ile the  minus (-) s ign  whs used f o r  sand s L c e  it is an 
incoherent mater ia l  no t  much more dense t h a n  Plexiglas  (pe1.2 g / c d ) .  

. 

a. . W a n s 9 r e n t  Acceptors 

Table I1 and Figure 4 show the results of Pt vs P; f o r  12 t e s t s  with a wnter 
a c c e p b r .  
and t h e  d i s t r i b u t i o n  of t h e  data about t h i s  l i n e  i s  a measure of t h e  a p p l i c a b i l i t y  of 
t h e  methd. For t h i s  d a t a  
t r a n s m i t t e d  pressure wi th  an o v e r a l l  e r r o r  of < %fb (which is less than-tine average e r r o r  
in determining shock pressure)  f o r  this acceptor. 

The l ine drawn i n  Figure 4 represents  equal i ty  o f  pressures  (Le., 45O l i n e )  

= 11.3% which ind ica tes  that t h e  "KW'P can p r e d i c t  

For t h e  same d a t a  PE = +4.1$ wlrich 
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hdicates that, on t h e  average, Pt  falls s l i g h t l y  below P;. 
experimental e r r o r  no b i a s  of the data is indicated even though t h e  three da ta  points  
a t  high pressure are low. 
trends do exist and if t h e  accaracy of  the  ItRJT" falls off .  

appl ied t o  water and CC14 and provides data  (Pth) a l so  eown i n  Table 11. 
to evaluate the  accurac of  t h e  g r a p h i d  method. The PElfor  t h i s  d a t a  (Pth V S  Pt) is 
37.1% and indica tes  thaf the "Hugoniottl t e c h i q u c  p r e d i c t s  t ransmit ted pressure with 
an overa l l  e r r o r  about 3 times as g r e a t  as t h e  lQW1 (and t h e  e x p e r h e n t a l  error) .  For t2 same data E = 2?.4;% which ind ica tes  t h a t  Pth, on the  avarage, is somewhat a h v e  
Pt. l h i s  figure is  a lso  not  within experimental e r r o r  and t'nus ind ica tes  3 bias* It 
may be concluded t h a t  t h e  llHugoniotll method gives  values  of t ransmit ted pressure t h a t  
are ~ 2 7 ' ;  high. 

Since E is w e l l  wi thin 

Pinon data  i n  this region is necessary to d e t e r d n e  i f  any 

The ltHugoniotll method of determining shock pressure transmit ted was 
This i% used 

Because o f  these differences,  the r a l i a b i l . i t j  o f  using tho  I 'hgoniot" 
method as a n  independent measure of t ransmit ted press-we is  i n  ser ious  doubt. 
the b i a s  in  the da ta  may be used t o  a d j u s t  t h e  subsequent results fo r  opaque mater ia l s  
to more r e a l i s t i c  values. 

h i e v e r ,  

i bo Opaque Acceptors 

e graphical  method described was appl ied to t h e  opaque accer tors ,  steel'" 
and al l - i .~? and t h e  results a r e  shown i n  Table 111 ( L e o ,  P vs P 1. Comparing 
the IT~WTI method to t h i s  g r a p h i d  method (P t  vs  Pth) gives, I&\= FE~~+zL~:A.  
agreement was a t  once resolved when t h e  values of Pt  were aajusted downward by the 
average b ias  (27.43) compted aboveo These resiilts f P t b )  are a l s o  show2 i n  Table 111, 
and the adjusted comparison ( P t  v s  P t b )  i n  F i m e  5. 

For t h i s  adjusted data, \wl= 1.5.1s which i d i c a t e s  that the llXYT1 ctln 
p r e d i c t  t,-ansinitted preasura with an o v e r d l  e r r o r  of about 15$ f o r  these opaqae 
acceptors. It should be noted that t h i s  value i s  soJiiewhat conservative s ince t h e  
manipulation of t h e  d a t a  necessar;r to e s t a b l i s h  realistic values  of  the  independent 
t ransmit ted pressure was done on an average basis. A more d s h i l e d  ana lys i s  of  t h e  
R h  vs P t  d a t a  might give a number o f  correct ion f a c t o r s ( i n s t e a d  of one) that would 
fur ther  im?rove t h e  c o r r e l a t i o n  seen i n  Figure 5. 
is w e l l  within experimental error and ind ica tes  no bias. 

p rope l lan t  and sand, shown i n  Table IV,  may be considered to be accara te  within 11-15s. 

Tiiis poor 

b 

The PE f o r  t h i s  d a t a  is to.@; which 

I 
Froin t h i s  discussion the  resdts  (Pt)  of applying the 'IFWI" t o  s i n i i h t e d  

2. P t  v s  Pp Correlation 

From the  d a t a  shown i n  hbles  111 and N it is possible  to deternine i f  a 
simple re la t ionship ,  independent of  test d i m e t e r ,  exists between P t  and Pp f o r  a 
given acceptor  material. 
water and CCl4, steel, aluninm, and simulated propel lant  and sand respectively. From 
the legend in each figure t h e  diameter of  t h e  t es t  used to f i n d  a prticdar point  
can be determined. 
squares  method. 211ey are: 

Figures 6-9 show the results o f  p l o t t i n g  Pp vs Pt f o r  

The best-fit line drawn i n  each case was found by t h e  l e a s t -  

water; P t  = 0.837 Pp - 40387 (7  1 
steel; pt = 1.083 pP + 6,18 (8) 
a l ~ m i n ~ m ;  P t  = 1.221 Pp + 1.36 (9 )  

sand; P t  = 0.9035 Pp - 2.76 (u 1 

simulated 
propel lant ;  P t  = 1.050 Pp + 1.81 (10 1 

I 
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ij;L:,hough in Fig-ue 6 t!-ere is so:;;e s::rc,>d of the  ,dater &La i n  

spread is due t o  randox de_viatior,s of, thc  data. Co,;parini; Lhe 
point) e ,qut ion  7 the  is 23.2: wiiich indicakes t h e  overa l l  ncc;lraCjr cf ~ 3 1 ~ 2  
t h i s  rc,ationsL--ip to p r e d i c t  Ft i n  water f o r  a given F 
the test, and without PLTvfier stre& ca::era r?co?ds. 

;lo t rends  u i t h  i-espect t o  t e s t  d iawter  sre a;?arent. It XI; a ~ , ~ ~ y y ~  ;;;:, :!.e 
(loss cne -re77 pcor 

i!idsperxien% O f  thi? diaLr;tC? of 
tk:iX iS O Z L ~ ~  On23 

poin t  f o r  C C i  no c o r r e l a t i o n  i s  possible.. 4 
The rsiiiaini.xg c a r s l a t i o n s  a r e  smw.$:hat SetLer. For steel, aIu.Lziu.., a?d 

s k n d a t e d  propel lant  the  
t rends  a r e  aprarent. Since t h e r e  a r e  only  two d a t a  points  (at the  s::rLe d i m S t 2 r )  for 
sand, e q m t i o n  11 passes through both 2nd the  acc-a-acy of the cor ro lc t ion  I; uri:ncvn. 

are 15./+.$, 1?.5$, and 7.7$ respectively. A l s o  :io Gk..eter 

Bithmgh t h s r e  is AD s p e c i f i c  r a s c n  t o  ass-me 'i!-at ths r e i a t l c n s b l p  i n  
F i g s a c  6-9 are i i n e n r  ( they co-;id bi: quaCpJtic, e:cpon@&.l, etc.) it is convenient 
t o  use t h e  si;.s,lest form -mssible. 
expressions i G i , % t e  tht t!iis approac:i is xL:-raTr tcdo 

'%e v d d e  of the\?E\  Is cs!n>utod for the l i l i car  

- 
Sirice a i l  the 1x1 Is except  one arc 

comp*~::ing Pt (Nl3$) it :ay be concluded I, 
t i t  it is :miee;.endent of t h e  d&mtcr of 
tkmt tiiz : w ~ t  acc,t*rate r e s u l t  (PE\ = 7.7;';) 
p o , x ~ a i d  ..ost clossl;? r e s a b i i n g  prcpcll.w.cr,ts and zc+o;;ives. 

:,yoxiiiiateiy within the avayzge e r r o r  h 
t a P 
e t e s t o  ~ t ' i s  &so i:itere;iing t o  note  
;is ob'aincd v i t h  t he  .:aterial (sinillat& 

vs Po rs1ationsi;ip ui;es exist, znd 

jo .. 1 n,:or. i o  t 9 3  ter:.imt i o  n 

- - - . I  As previoi.isly sho:.!c, e.;mtion 6 slcnG .:iith 
used t o  corqmtc one poiiit on t!ie Ih,oni.o; of t h z  aiC::cptor. 
f o r  csater nad CC14, s tx l ,  and alxJiixui: zipear  i n  %-de I31 and a r e  p lo t ted  

It is evident  that ,  e:icd;,t ."or ! C 1 4 ,  thc  r a s d t s  are both imccurz t e  (cons idenble  
sprsad i n  the  da ta )  and biasod ,mst p o i n t s  are b d o w  tie l ine) .  
explain these r e s u l t s  but s ince  the average e r r o r  2 1  compting F t  was shown to be 
N13$ it i s  assumed th.t t'.e s c a t t e r  is due, a t  i c x t  i n  part, t o  e r r o r s  i n  coxpuking 
ut. This \$as estimated to be from 134+&, depe:;di-nZ on +he acoe&r iiiedim. 
F i g r e s  10-12 the computed e r r o r s  in are represe!ite:i bj the  length  of  t h e  
horizontal  lines through t h e  points. 
&+4$ t h e  bias in Figmes  10-12 is assnned t o  be due ijainly +& a bias  i n  compzting ut. 
It is not c l e a r  cskq t h i s  b i a s  a r i s a s  o r  u'hat i ts  r:iagiiitxle woitrl be. 

- L~L.lt rroi:. 2 5 ~  "&fl" can be 
Tlie ras 'dos  (Pt  v s  ut) 

respec t ive ly  i n  Figures 19-12 d o n g  .;;:.ti1 the  Fugoniot c:wves fro-., t h e  literF.twe.'* ' 3 " 11 

It is dSZica2.t to 

In 

Also, s ince  the bias  i n  co:ii;;utin,c Pt is  o r J y  

Fro3 the  foregoing res-ults it m y  k concluled 2l:it f u r t h e r  study and analysis ,  
along with refinenients i n  obta in ing  data ,  a r e  zaeded before ZJSoniot pred ic t ion  bj t b i s  
method can be considered a c c u r a t e  and usable. 

v. c c : ~ c L ~ s I o ~ ~  
The major conclusions o f  t h i s  inves t igo t ion  are: (1) the ttZ/P can be used to 

compute t h e  shock pressure t r a n s n i t t e d  t o  a tsst specinen i n  mrd-gap t es t  c o n f i y -  
r a t i o n s  with an accuracy of 1145% without ::.eesurement o r  knovledge of the t e s t  
sample propert ies ;  (2) t h e  d a t a  from a fes  "%IT' tests may be used to determine a 
linear corre la t ion  f o r  each acceptor  laterial, bet;,.een shock presswe t r a n m i t t e d  
2nd shock pressure i n  P lex ig las  that is independent of the  tsst dinrreter and; (3) 
Hugoniot pred ic t ion  from t h e  results of the "RK@' Is not current ly  y r z c t i c d  because 
of l a r g e  e r r o r s  i n  competing t ransmit ted p a r t i c l e  veloci ty .  
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Fieure 2 

FRAMING CAMERA STUDY 

h 

a 

BLAST SHIELD 
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COLUMN LENGTH - 1-1/2" MARKING TAPE 
ACCEPTOR - WATER PLEXIGLAS COLUMN 

TIME INCREMENT - 1.05iiSgnrm. 

ER LEVEL 

S TILL 

-c --t 
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STREAK CAMERA STUDIES 

INTERmCE 
WATER- 

SLIT AXIS - 

... PLEXIGLAS 

S t i l l  

Co Lumn Diameter - 3” 
Column Length - I-l/T’ 
A C C ~ O ~  - W&W 

Figure 3a ’ Streak 

REFLECTED 

S t i l l  Figure 3b Streak 

REFLECTED 
\ W&VVF 

Column Diameter -.I-1/T 
Column Length - 2” 
Acceptor -Aluminum 

I MARKING TAPE 

Streak Figure 3c 

REFLECTED 
\ W V F  

1 Column Diameter -1” 
Column Length - 1-1/2“ 
Acceptor - Simulated 

S t i l l  Figure 3d Streak Propellant 
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Fig-we 5 - Accuracx of "RWT", acceptors: steel ,  aluminum 
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Predic t ion  of Detonation Hazard i n  S o l i d  Propel lan ts  

by; 
STANLEY WACHTELL 

PICATINNY ARSENAL, DOVER, N.S. 

Abstract  

C l a s s i f i c a t i o n  of t h e  detonat ion hazard a f t e r  i g n i t i o n  of a l a r g e  s o l i d  
propel lan t  rocket motor has i n  the  pas t  been based on s e n s i t i v i t y  t e s t  methods 
which have l i t t l e  r e l a t i o n s h i p  t o  the ac tua l  condi t ions  under which such an 
inc ident  might occur. The development of a method by which p r e d i c t i o n  of such 
an occurence i s  possible  i s  described i n  t h i s  paper. 

Experimental work has  shown t h a t  when a l a r g e  mass of an explosive or  pro- 
p e l l a n t  i s  burned i n  a closed system, a sharp change i n  s lope of t h e  burning 
ra te /pressure  curve occurs a t  a pressure which i s  s p e c i f i c  f o r  t h a t  mater ia l .  
This t r a n s i t i o n  pressure i s  dependent on the  i n i t i a l  temperature of the  mater ia l .  
For explosives  t h i s  t r a n s i t i o n  pressure i s  i n  the range of 4-8000 p s i  and is 
r e l a t e d  t o  the  s e n s i t i v i t y  of the  explosive. For propel lan ts ,  t h e  t r a n s i t i o n  
pressure is  somewhat higher  and, t h i s  pressure  as w e l l  as the  s lope of the  t r a n s -  
i t i o n  curve appears t o  be r e l a t e d  t o  t h e  phys ica l  s t a t e  and t h e  energy l e v e l  of 
the  propel lant .  

From the  t r a n s i t i o n  pressure and the  s lope of t h e  t r a n s i t i o n  curve and 
from t h e  physical configurat ion of a m i s s i l e  motor, t h e  hazard of detonat ion 
may be determined. 

To extend the  range of measurements poss ib le ,  a pressure  vesse l  has been 
developed i n  which measurements of propel lan t  burning r a t e  at  pressures  a s  high 
as  250,000 p s i  can be made. 
concentr ic  cyl inders .  Radial s t r e s s e s  a r e  taken by t h e  inner  cy l inder ,  which is 
replaceable  i f  f r a c t u r e  should occur. Recording of pressure information precedes 
f r a c t u r e  of the  inner  vessel .  The outer  cy l inder  c a r r i e s  only a x i a l  s t r e s s e s  and 
i s  of s u f f i c i e n t  s t rength  t o  prevent f r a c t u r e  and r e t a i n  fragments, 

This vesse l  has  a unique design cons is t ing  of two 

The development of t h i s  vesse l  has  a l s o  made poss ib le  t h e  examination of 
burning c h a r a c t e r i s t i c s  of cannon propel lan ts  f o r  very high pressure  appl icat ions.  
Resul ts  show t h a t  some standard cannon propel lan ts  have t r a n s i t i o n  c h a r a c t e r i s t i c s  
s imi la r  t o  those descr ibed f o r  explosives  and rocket  propel lan ts .  This phenomenon 
explains-some d i s a s t r o u s  i n c i d e n t s  r e s u l t i n g  from very high pressure  gun f i r i n g s .  

n 

Introduct ion 

I n  assessing t h e  hazard involved i n  t h e  use of a rocket  motor there  a r e  a 
number of f a c t o r s  t o  be considered. F i r s t ,  t h e  hazard of detonat ion while t r a n s -  
por t ing  the  motor from i t s  manufacturing s i te  to  p lace  of launching i n  i t s  shipping 



container .  Second, t h e  hazard of detonat ion of the propel lant  i f  the  warhead 
should explode. Third, the hazard of detonat ion of propel lant  i f  s t ruck  by 
a high explosive bomb. Fourth, the hazard of detonat ion of the propel lan t  i f  
s t ruck  by bomb fragments or  p r o j e c t i l e s .  
a normal i g n i t i o n  during launching. 

F i f t h ,  t h e  hazard of de tona t ion  a f t e r  

Actual ly ,  numbers 1 and 5 are  e s s e n t i a l l y  the same hazard - t h a t  i s  t rans-  
i t i o n  from burning t o  de tona t ion ,  while 2 ,  3 and 4 a re  e s s e n t i a l l y  shock i n i t i a -  
t ion .  

Concern with these  l a t t e r  t h r e e  problems of shock i n i t i a t i o n  a r e  genera l ly  
recognized and most p r o p e l l a n t s  a re  wel l  character ized as t o  shock s e n s i t i v i t y  
by var ious  booster  s e n s i t i v i t y  o r  pipe t e s t s .  The information obtained t e l l s  
l i t t l e  about t r a n s i t i o n  from d e f l a g r a t i o n  t o  detonat ion (DDT). This br ings  us  
t o  items 1 and 5. 

A major hazard from missile t r a n s p o r t a t i o n  and handling i s  acc identa l  
ign i t ion .  
the  m i s s i l e  case or  w i l l  it r e s u l t  i n  t r a n s i t i o n  t o  high order detonat ion? 
The di f fe rence  for  a l a r g e  motor containing tons of s o l i d  propel lant  could be 
a good f i r e  o r  a major d i s a s t e r .  I f  the  p o s s i b i l i t y  ( o r  non-poss ib i l i ty )  of 
t r a n s i t i o n  could be p r e d i c t e d ,  a much more r e a l i s t i c  approach t o  s torage  and 
handling could be adopted. 

I n  the confined condi t ion,  w i l l  t h i s  r e s u l t  i n  a pressure blow of 

The hazard of t r a n s i t i o n  t o  detonat ion a f t e r  normal i g n i t i o n  on a f i r i n g  
s tand could r e s u l t  from unknown d e f e c t s  which e x i s t  i n  a motor r e s u l t i n g  from 
manufacture, aging o r  handling. 

This repor t  descr ibes  work which has  been done thus f a r  i n  an e f f o r t  t o  
c l a s s i f y  explosives wi th  r e s p e c t  t o  t h e  p o s s i b i l i t y  of DDT under the  condi t ions  
and geometry which may a c t u a l l y  e x i s t  i n  a s o l i d  propel lan t  motor. 

Kistiakowsky (1) descr ibed  a mechanism f o r  the development of de tona t ion  
i n  a l a r g e  mass of granular  or c r y s t a l i n e  explosive i g n i t e d  thermally a t  a 
loca l ized  region wi th in  the  bulk.  A s  t h e  explosive burns, the  gases formed 
cannot escape between c r y s t a l s  and a pressure gradient  develops. This  increase  
i n  gas pressure causes an i n c r e a s e  i n  burning r a t e  which i n  t u r n  causes an in-  
crease i n  pressure with cons tan t ly  increas ing  ve loc i ty .  This condi t ion r e s u l t s  
i n  the  formation of shock waves which a r e  re inforced by t h e  energy re leased  by 
the  burning explosive and they eventua l ly  reach an i n t e n s i t y  where t h e  e n t i r e  
energy of the  reac t ion  i s  used for  propagation of t h e  shock wave and a s t a b l e  
de tona t ion  f ront  i s  produced. A c r i t i c a l  mass e x i s t s  f o r  each m a t e r i a l  above 
which t h i s  def lagra t ion  can pass  over i n t o  detonat ion under proper condi t ions.  
Below t h i s  mass the burning w i l l  f i r s t  increase  and then decrease as  t h e  
mater ia l  i s  consumed. 

. 

i l  
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The t r a n s i t i o n  t o  detonat ion i s  considered la rge ly  a phys ica l  process  
i n  which the  l i n e a r  burning r a t e  of the bed of mater ia l  increases  t o  severa l  
thousand meters per second although the individual  p a r t i c l e s  a r e  consumed 
a t  the  r a t e  of only a few meters per  second. 

The v a l i d i t y  of t h i s  mechanism has been demonstrated experimental ly  
f o r  granular  propel lan ts  by a number of workers ( 2 )  (3) (4). 

In the  experimental work described here ,  it was bel ieved t h a t  very  
similar condi t ions could be es tab l i shed  i f  a la rge  mass of explosive o r  pro- 
p e l l a n t  were burned i n  a closed chamber. It has  been shown (5) (6) t h a r  f o r  
composite propel lan ts ,  the highly e l a s t i c  binder  mater ia l  w i l l  undergo b r i t t l e  
f r a c t u r e  when s t r e s s  i s  appl ied a t  very high s t r a i n  r a t e s .  When p r o p e l l a n t s  
or explosives  are burned i n  a closed chamber the  r a t e  of pressure  b u i l d  up 
acce lera tes  s u f f i c i e n t l y  t o  develop surface s t r a i n s  i n  t h e  l a r g e  g r a i n  a t  
r a t e s  which exceed those needed t o  produce b r i t t l e  f rac ture .  Combine t h i s  
with the  embrittlement accompanying the high pressures  involved and t h e  
thermal shock produced by the  hot  gases of combustion on the  co ld  g r a i n  and 
a condi t ion equivalent  t o  t h a t  e x i s t i n g  f o r  granular mater ia l  could e x i s t .  
A f u r t h e r  v e r i f i c a t i o n  of t h i s  mechanism i s  the increased tendency of pro- 
p e l l a n t s  t o  detonate  when cooled t o  low temperatures. This problem is  w e l l  
known t o  anyone working with s o l i d  propel lants  both f o r  rockets  or cannons. 

Basis f o r  Experimental S tudies  

I f  the mechanism suggested by Kistiakowsky f o r  granular  and c r y s t a l i n e  
explosives could apply t o  s o l i d  propel lan ts  by the  mechanism suggested above, 
then i t  should be poss ib le  t o  demonstrate the increase i n  burning sur face  f o r  
such m a t e r i a l s  by burning l a r g e  pieces  i n  a closed chamber i n t h i c h  t h e  burning 
of the  mater ia l  produced the  higher  pressures  f o r  acce lera ted  burning. The 
f i rs t  i n d i c a t i o n  t h a t  such a reac t ion  ac tua l ly  might occur was found when a 
s e r i e s  of cannon propel lan ts ,  which had caused guns t o  blow up when f i r e d  a t  
temperatures of -200F and -4OOF were t e s t e d  i n  a closed chamber (7). When 
records were made of r a t e  of c h a x e  of pressure vs. pressure,  it w a s  found 
t h a t  a sharp increase  i n  r a t e  occurred a t  a pressure which was f a i r l y  s p e c i f i c  
for  each l o t  of propel lan t  tes ted .  I f  such a mechanism did  e x i s t ,  then i t  
should be demonstrable f o r  high explosives  as  well. Since the normal burning 
r a t e  laws a r e  known t o  hold f o r  both propel lan ts  and explosives  when burned 
under s t a t i c  pressure  condi t ions (as  i n  a s t rand burning rate bomb) a compari- 
son of these  two methods of burning would demonstrate t h e  ex is tance  of the  
mechanism. Calcu la t ion  of t h e  l i n e a r  burning r a t e  of a cy l inder  of m a t e r i a l  
under cons tan t ly  changing pressure from t h e  measurement o f  dp/dt  VS. pressure 
is  given i n  re ferences  (8) and (9). In t h i s  ca lcu la t ion  the  assumption i s  
made t h a t  t h e  cy l inder  i s  i g n i t e d  uniformly on a l l  sur faces  and always burns 
normal t o  t h a t  surface.  Experience with in te r rupted  burning of propel lan t  
g r a i n s  of even complicated geometry v e r i f i e s  t h i s .  I f ,  however, cracking or  
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c r a z i n g  should occur, t h e  ca lcu la ted  l i n e a r  burning r a t e  w i l l  be f a r  i n  
excess of the  va lue  expected and t h e  increase  i n  sur face  a rea  can be ca l -  
c u l a t e d  from t h i s  apparent  increase  i n  l i n e a r  burning r a t e .  

Experiments With Burning of High Explosives 

Cylinders of TNT were prepared with diameters of 1" t o  1%" and lengths  
of 1" t o  3". 
had been c a r e f u l l y  c a s t  t o  prevent poros i ty  o r  voids. A l l  cy l inders  were 
machined from the same c a s t i n g  and were considered t o  have about the  same 
c r y s t a l i n e  s t r u c t u r e .  A s e r i e s  of these were f i r e d  a t  loading d e n s i t i e s  
(weight of explosive,  grams/volume of chamber, cc)  of 0.11 t o  0.387. I n  
addi t ion ,  i n  some t e s t s  t h e  chamber was preloaded up t o  10,000 p s i  by i n -  
c luding  some very f a s t  burning mortar propel lan t  which produced the  pre- 
loading pressure before  t h e  TNT had a chance t o  burn appreciably. Figure 1 
shows some of the  t y p i c a l  osci l lograms obtained. Strands were a l s o  c u t  from 
t h e  block of TNT and were burned a t  pressures  up t o  20,000 p s i  i n  a Crawford 
s t r a n d  burning r a t e  bomb. 
f o r  a l l  the  r e s u l t s  obtained and were p l o t t e d  on a s ing le  log p lo t .  Figure 2 
shows the average curve obtained from t h i s  data .  Note the  change i n  slope 
t h a t  occurs f o r  t h e  c losed  bomb l i n e  a t  about 6,000 p s i  while the s t rand  burner 
shows the normal burning ra te /pressure  re la t ionship .  

These c y l i n d e r s  were machined from s o l i d  blocks of TNT which 

Linear burning r a t e  vs. pressure were ca lcu la ted  

A c a l c u l a t i o n  of i n c r e a s e  i n  sur face  a r e a  with pressure i s  shown i n  
F igure  3. 
s t r a n d  burner i n t o  the  equat ion used f o r  c a l c u l a t i o n  of the closed bomb 
burning r a t e  and so lv ing  f o r  sur face  a r e a  a t  d i f f e r e n t  values  of pressure.  
Note t h a t  an increase  i n  sur face  a r e a  of almost 20 times occurs. Figure 4 
g ives  the r a t i o  of c a l c u l a t e d  area/expected a r e a  f o r  a t y p i c a l  cy l inder  of 
TNT. 

This w a s  done by s u b s t i t u t i n g  t h e  burning r a t e  obtained from t h e  

Experiments of t h i s  same na ture  were made with Composition B which i s  a 

Resul t s  s i m i l a r  t o  TNT were obtained although d i f f i c u l t y  
mixture  of 60 percent  of RDX with 40 percent  of TNT with 1 percent of wax 
d e s e n s i t i z e r  added. 
i n  obtaining uniform i g n i t i o n  required the use of preloading f o r  a l l  tests. 
F igures  5, 6 ,  7 and 8 show the  d a t a  obtained f o r  Composition B. This  pre- 
t r a n s i t i o n  pressure  appears t o  be somewhat lower than f o r  TNT alone although 
d e t a i l  i n  t h i s  a r e a  of t h e  curve i s  lacking because of  the  preloading required. 

Tes ts  of Propel lan ts  

A number of experimental  and high energy propel lan ts  were then t e s t e d  
us ing  t h i s  same technique. 
double base types because of s e c u r i t y  considerat ions.  Resul t s  of these  pro- 
p e l l a n t s  are presented here ,  each one showing modif icat ions of the  same pre-  
t r a n s i t i o n  c h a r a c t e r i s t i c s .  The f i r s t  p rope l lan t ,  a double base type with 

These can only be descr ibed as composite and 
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s o l i d  oxidizer ,  when f i r e d  i n  the  closed bomb showed a somewhat exaggerated 
pre- t rans i t ion  e f f e c t  as shown i n  Figure 9. 
ca lcu la ted  t o  l i n e a r  burning r a t e  vs. p ressure  a s  f o r  TNT and Composition B. 
The r e s u l t s  a r e  shown i n  Figure 10. Note t h a t  t h e  t r a n s i t i o n  which occurs a t  
about 15,000 p s i  is even sharper  than f o r  t h e  explosives  and t h e  slope of 
the  curve i s  s teeper .  
r e s u l t i n g  from combustion of t h i s  propel lan t  as compared with t h e  explosives. 
Strand burning rated d a t a  was not a v a i l a b l e  f o r  t h i s  propel lan t  at high 
pressure. Therefore, t h e  l o w  pressure curve w a s  extrapolated.  Calculat ion 
of changes i n  sur face  a r e a  shows increases  up t o  25 times f o r  t h i s  mater ia l .  
Other samples of similar composition were t e s t e d  i n  which changes were made 
i n  t h e  p l a s t i c i z e r ;  both i n  t h e  mater ia l  used and t h e  percentage. 
changes were found t o  s h i f t  t h e  p r e - t r a n s i t i o n  pressure  up o r  down, 
e f f o r t  was made a t  t h i s  time t o  r e l a t e  t h i s  s h i f t  t o  d i f f e r e n c e s  i n  physical 
p roper t ies .  
cap. 

A series of these  tests were 

This i s  bel ieved due t o  t h e  l a r g e r  amount of energy 

These 
No 

A l l  these  samples of propel lan t  were detonable  wi th  a 116 b l a s t i n g  

A second propel lant-designated ARF’, a high energy double base t y p e g a v e  
t h e  r e s u l t s  shown i n  Figure 11. The s t r a i g h t  l i n e  burning rate curve was ob- 
ta ined with poin ts  from s t rand  burning r a t e  tests and closed bomb t e s t s  a t  loading . 
d e n s i t i e s  up t o  0.4. 
t e s t ,  a p r e - t r a n s i t i o n  change i n  s lope i n  t h e  curve r e s u l t e d  a t  about 40,000 
psi .  The pressure r a t e  was so high t h a t  a la rge  p a r t  o f  t h e  t r a c e  was l o s t .  
Extensive damage a l s o  r e s u l t e d  t o  t h e  bomb and f u r t h e r  t e s t i n g  of t h i s  composi- 
t i o n  was stopped a t  t h i s  t i m e  t o  await t h e  development of more s u i t a b l e  high 
pressure equipment. 

However, when a preloading of 15,000 p s i  was used i n  one 

A t h i r d  type of propel lan t  t e s t e d  was a composite double base - Type QZ 
manufactured by Rohm 6r Haas. This propel lan t  type was known t o  have undergone 
DDT when f i r e d  i n  a l a r g e  motor which contained some porous propel lant .  Tests 
a t  700F did not show any t r a n s i t i o n  point .  However, when cooled t o  -600F a 
t y p i c a l  p r e - t r a n s i t i o n  curve r e s u l t e d  (Figure 12) .  
p e l l a n t s ,  a number of lower energy and l e s s  s e n s i t i v e  m a t e r i a l s  were t e s t e d  
i n  t h e  bomb both with and without preloading. 
could be found wi th in  t h e  pressure l i m i t a t i o n s  of our test equipment. 

I n  a d d i t i o n  t o  these  pro- 

No i n d i c a t i o n s  of p r e - t r a n s i t i o n  

Design of Ultra-High Pressure Equipment 

Because of the  l i m i t a t i o n s  of our t e s t  equipment (80,000 p s i )  t h e  design 
of a vesse l  t h a t  would contain much h igher  pressures ,  was undertaken. 
b a s i c  design concept u t i l i z e d  was based on t h e  f a c t  t h a t  f o r  s u f f i c i e n t l y  high 
rates of loading, the  i n e r t i a  of  the  vessel w a l l s  would resist f a i l u r e  s u f f i -  
c i e n t l y  long t o  permit measurement of t h e  pressure  time h i s t o r y .  
p r a c t i c a l  uni t , two concent r ic  cy l inders  were used. 
cy l inder  contained t h e  high pressure while t h e  o u t e r  massive cy l inder  held 

The 

To make a 
The inner replaceable  
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t h e  end c losures  f o r  the i n n e r  cy l inder .  A space between the cy l inders  was 
provided f o r  expansion of  t h e  gases  i n  case of f a i l u r e  of t h e  inner  cyl inder .  
The outer  cyl inder  a l s o  served  as a confinement f o r  fragments r e s u l t i n g  from 
f a i l u r e  of t h e  inner  cy l inder ,  A l l  pressure on t h e  end c losures  i s  t rans-  
mi t ted  a x i a l l y  EO t h e  o u t e r  c y l i n d e r  which has  s u f f i c i e n t  s t rength  t o  hold 
pressures  i n  excess of  300,000 p s i  i n  t he  inner  chamber. The s e a l s  between 
t h e  inner  cyl inder  and end caps were designed t o  expand as t h e  outer  cyl inder  
s t re tched  due t o  the  pressure  development. When the inner  chamber did not  
break,  i t  w a s  found t h a t  t h e  expansion of t he  s e a l s  maintained pressure on 
t h e  end caps,  making it impossible  t o  open. Therefore ,  provis ion was made 
t o  recompress the s e a l s  wi th  a hydraul ic  r a m  t o  r e l e a s e  t h i s  pressure and 
permit opening of t he  bomb. A f t e r  many d i f f i c u l t i e s  with p a r t s  f a i l u r e s ,  
a bas ic  design shown i n  F igure  13 was evolved. An exploded view, of m e a r l y  
des ign ,  i s  given i n  Figure  14. 

Actual d e t a i l  of t h e  f i n a l  design of t h i s  vesse l  i s  no t  given h e r e  because 
i t  i s  &till undergoing changes r e s u l t i n g  from experience i n  i t s  use. Suf f ice  
i t  t o  say, t h a t  when working w i t h  the dynamic pressures  and high temperatures 
of  t h e  type encountered i n  t h i s  work, every conceivable type of f a i l u r e  has  
occurred. However, measurements of pressures  a s  high a s  250,000 p s i  have 
been made. 

Measurement of  pressures  can be made i n  t h i s  vesse l  with any type of 
pressure t ransducer  by s u i t a b l y  modifying the gage housing. I n  our i n i t i a l  
t e s t i n g ,  pressure/ t ime measurements were made using a Kistler Gage Type 601 
with a s p e c i a l  h y p e r b a l l i s t i c  probe. This gage i s  designed t o  measure 
pressures  up t o  300,000 p s i .  It i s  a p i e z o e l e c t r i c  type i n  which t h e  charge t h a t  
b u i l d  up on a quartz c r y s t a l  under compression i s  measured by means of a 
s p e c i a l  e lectrometer  c i r c u i t .  The pressure  is  t ransmi t ted  t o  the  c r y s t a l  
through a small c a r e f u l l y  ground p is ton  which extends i n t o  the pressure chamber, 

For i n t e r i o r  b a l l i s t i c  work and f o r  measurement of r a t e  of change of 
pressure i t  i s  considered more d e s i r e a b l e  t o  o b t a i n  measurements of dp/dt vs.  
pressure r a t h e r  than pressure  time. However, a t  the time t h e  work descr ibed 
below was done, such ins t rumenta t ion  w a s  not  ava i lab le .  Work being done a t  
t he  present  time i s  us ing  such measurements. 

Measurement of High Pressure  C h a r a c t e r i s t i c s  of Cannon Propel lan ts  

Following the reasoning and p r e - t r a n s i t i o n  c h a r a c t e r i s t i c s  descr ibed above 
f o r  rocket  propel lan ts ,  i t  seemed reasonable  t o  expect t h a t  a ,in?ilar pre- 
t r a n s i t i o n  mechanism might exist  f o r  cannon propel lan ts .  

Actual ly ,  over t he  p a s t  many years ,  numerous acc idents  i n  gun f i r i n s s  have 
occurred which have been d i f f i c u l t  t o  explain i n  terms of anything o ther  than 
propel lan t  malfunction. Most f requent ly  these  have occurred i n  low temperature 
f i r i n g  of propel lan ts  which func t ion  normally i n  average temperature condi t ions,  
Typical of t h i s  type of malfunct ion a r e  low temperature mortar f i r i n g s  using 
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M9 propel lant .  
occasions, ruptured mortar tubes. M17 propel lant  has  a l s o  been known t o  
d isp lay  e r r a t i c  b a l l i s t i c  behavior a t  -4OOF, and i n  1958 a 76MM gun w a s  blown 
up i n  such a malfunction. 

High pressures  developed under such condi t ions have, on some 

It w a s  during t h e  i n v e s t i g a t i o n  of t h i s  malfunction, t h a t  it was shown 

Under c losed  bomb 
t h a t  c e r t a i n  l o t s  of M17 propel lan t  had the  c h a r a c t e r i s t i c  of developing a 
change i n  the  burning ra te /pressure  curve (Reference 7). 
t e s t s  it was poss ib le  t o  determine which l o t s  of M17 propel lan t  would a c t u a l l y  
develop t h i s  high pressure. 
defec t ive  M17 propel lan ts  a r e  given i n  Figure 15. 

Traces showing dp/dt  vs. pressure of good and 

Up t o  t h i s  po in t ,  except f o r  the  low temperature t e s t s ,  t h e s e  t r a n s i t i o n s  
have only been noted i n  rocket  propel lan ts  and explosives  on an experimental  
basis .  Cannon propel lan ts  have been used i n  these pressure ranges r a t h e r  
camnonly with no such e f f e c t s ,  except for  occasional ly  unexplained malfunc- 
t ions.  One such malfunction occurred recent ly ,  when a gun designed f o r  
86,000 p s i  max pressure was destroyed with T36 cannon propel lan t  when an 
increase  i n  charge weight of about 2 percent t o  increase pressure  above 
70,000 p s i ,  caused an increase  i n  max pressure of over 100 percent .  

With the development of t h e  u l t r a  high pressure closed bomb, capable of 
t e s t i n g  propel lan ts  at much higher  pressures  than previously,  it became poss ib le  
t o  determine i f  the  same type of behavior demonstrated f o r  rocke t  propel lan ts  
and explosives  could be shown cannon propel lan ts  a t  high pressures .  AM17 
propel lant  of 0.045 web was loaded i n t o  t h i s  new bomb at  a loading d e n s i t y  of 
.40. Figure 16 i s  t h e  
pressure/ t ime t r a c e  obtained. 
t h i s  pressure r i s e  (about 92,000 p s i )  there  i s  a v e r t i c a l  rise of i n d e f i n i t e  
magnitude before the  t r a c e  r e t u r n s  t o  low pressure. This  i s  i n d i c a t i v e  of 
t r a n s i t i o n  t o  detonat ion having taken place a f t e r  90 percent  of the  propel lan t  
has  been burned. Other evidence of the  detonat ion i n s i d e  the  bomb w a s  t h e  
f r a c t u r e  of the  inner  cy l inder  which had been ca lcu la ted  t o  hold i n  excess  of 
150,000 p s i ,  and a d e f i n i t e  s p a l l i n g  condi t ion e x i s t i n g  i n  some of t h e  f rag-  
ments of the inner  cy l inder .  
cracked a l l  t h e  way through. 

A maximum pressure  of  105,000 p s i  was an t ic ipa ted .  
Careful examination shows t h a t  a t  the  end of 

The massive end plug of t h e  bomb w a s  a l s o  

Af te r  r e p a i r s  were completed t o  the apparatus, t e s t s  were then made of  
T28 propel lan t  using t h e  same conditions. 
t race .  While t h e  burning t i m e  was much shor te r ,  a maximum pressure  of  105,000 
p s i  was obtained with no unusual inc ident  i n  the  bomb t o  indicate a t r a n s i t i o n  
e f f e c t .  
times t o  v e r i f y  t h i s .  
t i o n  was avai lable .  
be ava i lab le .  

Figure 15 shows the  pressure/ t ime 

T28 propel lan t  h a s  been f i r e d  at  .40 loading dens i ty  a number of 
A t  the  t i m e  of these  tests only pressure/ t ime informa- 

For f u t u r e  work it i s  expected t h a t  dp/dt VS. pressure  w i l l  
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These r e s u l t s  f i t  i n  very w e l l  with the  mechanism s t a t e d  previously. 
M 1 7  p rope l lan t  and 'I26 propel lan t  are very s imi la r  i n  energy level .  Their  
b a s i c  d i f fe rence  i s  i n  compressive s t rength  and t h e  d i f f e r e n c e  i n  the  homo- 
genie ty  of t h e i r  s t r u c t u r e .  M17 propel lan t  i s  notor ious ly  poor a s  f a r  as 
compressive s t r e n g t h  i s  concerned although with some modif icat ion i n  pro- 
cess ing ,  improvement h a s  been made as with T36 propel lant .  

It i s  i n t e r e s t i n g  t o  note  t h a t  i n  high pressure gun f i r i n g s  with M17 
propel lan t ,  t h e  t r a n s i t i o n  e f f e c t  of  T36 which o r i g i n a l l y  was demonstrated 
above 70,000 p s i  w a s  found f o r  M17 propel lan t  t o  begin a t  50,000 ps i .  

The very sketchy n a t u r e  of  t he  work presented here  i s  the  r e s u l t  of  a 
very l imited s tudy of cannon propel lan t  burning under very high pressure 
condi t ions.  However, we be l ieve  i t  i s  s i g n i f i c a n t  enough t o  be reported at 
t h i s  time. 

Conclusions 

I n  the work presented  here in ,  t h e r e  i s  d e f i n i t e  evidence t h a t  the process 
of  t r a n s i t i o n  from d e f l a g r a t i o n  t o  detonat ion fo r  explosives  and propel lan ts  
i s  a continuous r e a c t i o n  c o n s i s t i n g  of f i r s t  - i g n i t i o n ;  second - under con- 
f ined  condi t ions (such as might e x i s t  i n  a l a r g e  mass of mater ia l  o r  porous 
mater ia l )  a pre-detonat ion r e a c t i o n  cons is t ing  of acce lera ted  burning due 
t o  a physical  breakdown of t he  sur face  r e s u l t i n g  from the  pressure,  r a t e  of 
change of pressure and temperature grad ien t ;  t h i r d  - development of an 
a c c e l e r a t i n g  shock f r o n t ;  f o u r t h  - detonat ion i f  s u f f i c i e n t  mass of mater ia l  
i s  ava i lab le .  

It i s  be l ieved  t h a t  any m a t e r i a l  which can be detonated should e x h i b i t  
t h i s  pre-detonation r e a c t i o n .  I n  t h e  case of very s e n s i t i v e  primary explosives  
t h e  l e v e l  of c o n t r o l l i n g  parameters required t o  s t a r t  detonat ion i s  so low 
t h a t  they cannot be measured by present  techniques. For "non-detonable" pro- 
p e l l a n t s  the pressures  requi red  fo r  t h e  pre-detonat ion r e a c t i o n  t o  occur a r e  
so high t h a t  f o r  a l l  p r a c t i c a l  purposes, they cannot be a t ta ined .  

It i s  considered p r a c t i c a l  t h a t  t h i s  technique can be  used f o r  t he  c l a s s i -  
f i c a t i o n  of t he  de tona t ion  hazard f o r  a p a r t i c u l a r  motor configurat ion i f  the 
p r e - t r a n s i t i o n  pressure 'and  s lope  of  t h e  burning r a t e  pressure  curve of t he  
propel lan t  used i s  known. Thus, fo r  example, i f  a defec t  or  void should e x i s t  
i n  a propel lan t ,  which might conceivably i g n i t e  on f i r i n g ,  by consider ing such 
an  i g n i t i o n  as an i n t e r i o r  b a l l i s t i c  system t h e  pressure and r a t e  of  pressure 
r ise can be c a l c u l a t e d  t o  determine i f  pre-detonat ion condi t ions  could develop 
before  t e n s i l e  f a i l u r e  of  t h e  g r a i n  occurred. I f  such r e a c t i o n  can occur then 
t h e  acce lera ted  p r e s s u r e  r i se  could develop t h e  shock f r o n t  necessary f o r  t rans-  
i t i o n  t o  detonat ion.  
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Probabi l i ty  of Prevention of Zxnlosivc Pi-cmZa',?lcn 
and Porsonnel Injury by Protect ive % U s  

Abstract & Introduction 

This paper deals with t h e  d e t a i l s  of calculat ing the  Frobdui l i ty  o l  cletonakion 
occurrence i n  an  explosive (acceptor) system o r  personnel injury resu l t ing  ~i-o:n 
detonation of an  ad,;acent ehclosivc system (donor) vhen t h e  donor 1s s c p r a t e d  L?ox 
t h e  acceptor o r  personnel by an  intervening protect ive mll .  

The capacity of a vall t o  confine explosions can be measured by the proba3i l i ty  
of occurrence of the secondary explosion o r  personnel injury a t  tho opposite side 
of t h e  w a l l .  I n  a l l  cases of f l y i n g  fragments, e i t h e r  s t e e l  o r  concrete, both 
l a r g e  and small, knovledge of t h e  fragment size, velocity,  accepto-  distance-lrom- 
w a l l ,  acceotor s ize  and acceptor s e n s i t i v i t y  lead t o  a calculated prooajili-tjr of 
propagation. 

Tne theory upon which t h e  fragment 'probabi l i ty  rests i s  Oaseci on d&eiTiiniriz 
t h e  mass-velocity' d i s t r ibu t ion  or' t h e  fragments and calculat ing ho:: imny could 
cause a detonation by v i r tue  oi' t h e i r  nass and velocity,  i f  b p a c t  occurs. 
t h e  fragments a r e  large,  l i k e  spalls and cnunks of a mil, the  leve l  of k ine t lc  
energy or  momentum of t h e  cnunks i s  used t o  dc temine  i f  they could cause detonation. 
Having detemined tiie nun&- of "potent': fragnents,  t h e  nufoer of tiem that can bo 
expected t o  resu l t  i n  im-ct, tho dis tances  and acceptor s izes  can be us=d t o  czi- 
cula te  a probabili ty of detonation o r  damage t o  persome1 clue t o  fragments. 

:Tmn 

A s  a le55 important cause of  damage, b l a s t  fron the  donor rimy reach t h e  acceptc,, 
o r  personnel. Since b l a s t  is continuous, and not d i scre te ,  as i n  the c a s t  of fi-ag- 
nients, the "explosion pressure" a t  t h e  acceptor i s  a measure 01 t h e  capaci ty  02 t h e  
walls for  safety.  If t h e  donor explosive weight, tail hei@ end ais tanccs  Zro::~ 
t h e  wall are known, t h e  "explosion pressure': a t  t h e  acceptor or pzrsonncl nrea L; 
calculable .  
acceptor w i l l  "feel" t h e  pressure.  
acceptor,  o r  the  pressure tolerance of' personnd,  an assessment oi: "safe" OY un- 
safe" can be imde. 

The pressure being continuous, tiie Czo3ability i s  uni ty  t h a t  tiie 
Thcrefore, frog tile Fi-essure s e n s i t i v i t y  o? the 

A 

The final assessment i n  a l l  cases i s  "safe" o r  "unsafe" t o  the  accepto= 
gardless  of horr mcn damage would occur t o  the  wall. 
be afforded t h e  acceptor must be specif ied i n  each case. 
acceptable l e v e l  of safety,  t h e  design of protect ive walls can proceed w i t ' ?  a 
grea t  deal of insight  in to  the  q e s t i o n  of whether t h e  thickness,  height o r  xixi- 
mom peimitted distances are r e a l i s t i c .  

The degree oi' c ro tez t ion  t o  
Saving decided upon an 



Probabili ty of Detonation P r o m t i o n  

In  an explosive system f a i l u r e  t o  prevent detonation propaeation may take 
place i n  various ways summarized f o r  convenience i n  Table 1. 

TABLE 1 

Donor Effect 

1. 

2. 

3. 

Blast 

Primary 
I4issiles 

Mi s ce l lanems 

Modes of Failure i n  Explosive System 

Mechanism Input t o  Acceptor (Output 

A. 
B. 

A. 
B. 

Direct 
Walls 
1. Leakage 
2. Shear (punching) 
3. Spalling 
4. Collapse 

Direct 
Walls 
1. Perforation 

2. Spalling 

mast; reduced 
Secondary miss i les  
Secondary miss i les  
Secondary missiles 

Primary missiles 

Secondary miss i les  
Slowed p r i n w y  missiles 
Secondary miss i les  

The presence of unknown e f f ec t s  renders the  s i tua t ion  typ ica l  for the  use of 
probabili ty as a means of comparing safe ty  design calculations and of terminc;ting 
o r  evaluating a sa fe ty  design of structures t o  handle large amounts of explosive. 

It i s  our basic assumption that a donor detonation has occurred. An inter-  
action with the  acceptor must occur by way of a t  least one of the  mechanisms. 
Following impact, t h e  acceptor s ens i t i v i ty  t o  missiles or b l a s t  must be such that 
the  impact results i n  detonation. 
and suf f ic ien t  impact respectively, these being independent events, the  probabili ty 
of detonation by way of any one mechanism alone i s  

Thus i f  Pi.and Ps a re  the p robab i l i t i e s  of impact 

PDn = (P i  x PS)n 

where n r e fe r s  to  the mode of f a i l u r e  in question. 
probabili ty is that of a mutually exclusive s e t  of events. 
of detonation is ,  p0 (see Nomenclature Lis t )  

For all  modes together, t he  
The overa l l  probabili ty 

- interactions.  
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The interactions a r e  t h e  corrections t o  be applied f o r  the f ac t  t h a t  since 
any one node may cause detonation, the  overall  probabili ty of detonation i s  less  
than the  simple sui of p robab i l i t i e s  of a l l  possible events. 
consider t h i s  telm zero s ince  i t s  maximum f o r  any p a i r  01 events cannot be greater 
than t h e  greater of t he  two. A zero value is consenat ive .  

It is su f f i c i en t  t o  

1 

Thc probabili ty of hpact due t o  b l a s t  i s  considered 1.0 i n  every case i n  
which b l a s t  occurs as an  e t o  the  acceptor. This 0ccUi-s only in  two cases; 
b l a s t  without walls, and leakage a m m d  walls. 
t o  b l a s t  when impact i s  cei-tain depends upon the b l a s t  s e n s i t i v i t j  ol the acceptor. 
This i s  determined by using various weight and distances between a donor explosive 
and nany acceptors. 
bination i s  recorded and a supe r f i c i a l  pro5abili ty of detonation i s  computed from 
t h e  percentage of  goes. This much of the  procedure i s  subzect t o  check by experl- 
mentation a t  a r e l a t ive ly  reasonable cost. 

The probabili ty of detonation due 

The number of goes and no-koes a t  each distance-weight corn- 

To es tab l i sh  the  probabi l i ty  region of i n t e re s t  t o  sa fe ty  calculations the 
experimental, supe~i ic ia lprobabi l i t ies  a re  correlated s iml taneous ly  w i t h  distance 
and weight using a su i t ab le  rmiLtiple r e g r e s s i p  function. 
of prokabi i i t i es  i n  t h e  region of 10-2 t o  lo-?; are  located in  distance-weight 
coordinates. These values would be impossible t o  verify,  except at great cost  
because of t he  l a rge  number of t r i a l s  t h a t  would be required. 
r e f l e c t  ac tua l  s e n s i t i v i t y  experience and represent an 0-ojective approach to safety 
deternination. 
standard n o m 1  probabi l i ty  fbnction vas used i n  log-log coordinates with a trans- 
formation of the distance parameter. Tne distance transfo-mation ipas required t o  
make t h e  desired function r e f l e c t  t i e  experimental f a c t  t h a t  t h e  probabi l i t i es  do 
not increase or decrease inde f in i t e ly  v i t h  distance. 

I n  t h i s  way the  locus 

Nevertheless they 

For t he  b l a s t  s e n s i t i v i t y  of the example used i n  t h i s  paper, the 

The case B2, shear f a i l u r e  resu l t ing  i n  punching, i s  a case of secondary 
miss i le  damage. Analytical  s tud ies  have shown the method i2 the weight and vclocity 
of a punched-out piece of t h e  donor and T a l i  dirLiensions a re  lmorrn. 
leaves the  w a l l  it nay go i n  any d i rec t ion  from the  center, tnus "searching" an a rea  
that can be calculated by assuming an 800 cone fro= the  point of punching. The area 
of t he  base of t h i s  cone w i l l  be designated the search area,  AS. 
for impact of any one punched-out piece i s  the r a t i o  of the acceptor area t o  t h e  
search area.  The piece is v isua l ized  as breaking i n t o  'halves, t h i rds ,  quarters, 
e t c .  each i n  t u r n .  Large p ieces  can cause detonation by a glancing hit,  t h i s  is 
allowed for by increasing t h e  acceptor a rea  t o  include i t s e l f  and the space 
occupied by the punched-out piece on all s ides  around the acceptor. 

A s  t h i s  piece 

The probabili ty 

The'probable number or" e f fec t ive  h i t s  i s  thcn 

' I  
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The probabili ty of at l e a s t  one h i t  is  then the  probabi l i ty  of missile impact, 

The sens i t i v i ty  of acceptors t o  l a rge  missile l i k e  chunks of concrete can be 
based on k ine t ic  energy or on a re la ted  function i n  an approxirate but s a t i s f a c t o q  
manner. As with b l a s t  s ens i t i v i ty  one p lo ts  t he  k ine t i c  energy a t  which various 
weights and ve loc i t ies  have caused detonations, f i t s  a su i tab le  regression curve 
t o  the  go-no-go data and extrapolates t o  the region of low probabili ty.  
that has been used is: 

A function 

log log  PS**/lOO = l o g  &. -'- 

P 

For each of the  above described pieces the  probabili ty based on sens i t i v i ty  
i s  f m d .  Since the  weight of halves i s  half that of the or ig ina l  piece, the  
sens i t i v i ty  becomes less dawerous, but the number of missiles becomes greater,  
causing an increase i n  Pia2. The m a x m  (Pi x 
probabili ty of detonation due t o  f a i lu re  mode B2. 

Ps)s2 i s  taken as the  value fo r  

Likewise f o r  spa l l ing  ana collapse, ana ly t ica l  methods pe:=it the  prediction 
of t i e  kind of secondary missile s that a re  generated due t o  b l a s t  f ro s  the  donor. 
A probabili ty of i m p c t  i n  each case and the  probabili ty 02 actonation based on 
sens i t i v i ty  a re  then found and t h e i r  pi'oducts taken. I n  t h i s  m y  all the  proba- 
b i l i t i e s  of detonation, e i the r  by missile or  b l a s t ,  associated v i t h  b l a s t  impact 
t o  the  wall a re  found. 

I f  the  donor is cased it can produce prinaiy missiles s t r ik ing  against t he  
wall. A m l l  may be perforated by the l a rges t  missiles.  If so, the  velocity 
versus s i ze  d i s t r ibu t ion  i s  found bycalculating the  res idua l  ve loc i ty  of the missile 
f o r  a selection of perfomting weights. 
donor one finds t h e  number of missiles having weights equal t o  o r  grea te r  t i  the  
s m l l e s t  perforating piece. 

From fragment co l lec t ion  studies on tne 

Experimental data from f i r i n 8  fragments of various s i zes  a t  various ve loc i t ies  
i n t o  acceptors gives a missile s ens i t i v i ty  curve that i s  conveniently taken as 
representing a detonating probabili ty of 1 .0  (of course, i f  t he  data a re  known t o  
be the  50$ points widely used i n  vulnerabi l i ty  studies a probabi l i ty  of 0.50 
could be used instead of 1.0).  When using a fixed value f o r  t he  sens i t i v i ty  
probabili ty,  only those missiles having the required weight or veloc i ty  a r e  con- 
sidered i p  ge t t ing  the  impact probabili ty.  
nay be considered cer ta in  i n  safe ty  calculations f o r  these selected missiles,  

Since detonation, i f  impact occurs, 

The rmniber of missiles of any given weight which proceed from the donor i s  
found from fragment co l lec t ion  experiments t o  be predictable i f  t he  dimensions of 
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the  donor a r e  known. The n i s s i l e s  a re  somewhat more d i rec t ion  tnan a n  even 
spherical  d i s t r ibu t ion;  t h e  probabi l i ty  of any one inpactir,c the  accector i s  
the presented area o f  the  acceptor per u n i t  spherical  surface arca 0:‘ sphere 
around the donor, corrected f o r  d i r ec t iona l  e f f ec t .  
bable number of n i s s i l e s  i n p c t i n g  the  acceptor i s ,  

The r e su l t  i s  that the  nro- 

N = 0. UJX .\A 
F 

where the  f ac to r  0.1 i s  t o  cor rec t  fo-r d i r ec t iona l  e f fec ts ,  ?Ix i s  t i e  numbei- of 
missiles which could cause detonation if impact takes place, AA i s  acceptor pre- 
sented area an& d i s  distance from acceptor t o  donor. 

To f ind  Ti,, the res idua l  ve loc i ty  from the wall an.?. weight o l  the perforating 
missiles i s  compared t o  t h e  s e n s i t i v i t y  curves. Their intersection defines t‘ne 
smallest “effective” missile.  The fragment ve loc i ty  studies then pei-mit calcula- 
t i ng  N,, t i e  number of n i s s i l e s  havinG weight equal zo o r  greater t i n  t h a t  of t i e  
ninimm ef fec t ive  n i s s i l e .  N i s  the  expected nurioer of b p c t s .  Tie chance oZ 
only on2 i n p c t  i s ,  as before, ( see  Figure 1). 

Psa = 1-c-N 

Spalling due t o  missiles i s  handlcci l i k e  q a l l i n g  due t o  b l a s t .  Thus all 
probabi l i t i es  of inpact and of detonatLon due t o  sensit ivit jr  a re  found. 
of possible values i s  shown i n  Table 2, t h e  t a b l e  of confoined and overa l l  proba:3ili?j. 

A s e t  

TrZBLE 2 

Oveiall  Probabi l i ty  

I i i s  s i l e  s Impact Prob. Sens i t .  Prob. ConSined (product) 

Blast 

Leakage PiBl 1.0 P ~ a l  -03 so3 
Punching P i ~ 2  -02 P3B2 * p  ( r i ? s ) rp  . i o  
Spalling PiB3 -002 PSB3 e30 (Pips)!; .0006 
Collapse PiB4 -3  PSB4 (Pip,&$ .1m 

Po = 0.2556 

The overa l l  probabili ty of detonation, with probabili ty in te rac t ion  
conservatively taken as zero, is 25$. This would be considered unsafe. The 
designer must now pick on the  high p robab i l i t i e s  and redesign so  a s  t o  increase 
the safe ty  of the  explosive system, o r  declare i t s  L p o s s i b i l i t y .  I n  the  la tm 
case he has ample proof f o r  his posit ion.  
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This analysis points out that not only mst ever/ mite of f a i l u i e  .?x ~ s ~ e ,  
but  a l l  must be safe  enough with a margin t o  allow f o r  addi t iv i ty .  

Typical f igures  i n  Table 2 indicate  that spal l ing i s  unimportant. 3.52 iz 
believed t o  be the  s i tua t ion  i n  many cases,  but it snouid be considered at t’nc 
start  of every new problem. 

It should be pointed out t h a t  tine at tef ipt  a t  safe ty  calculat ions involving 
propcllants and explosives i n  a s t a t e  of development m y  ‘ire defeated by tine h c k  
of s e n s i t i v i t y  data, i . e .  by a s t a t e  of coaplete ignorance as t o  whether e ne;”, 
high energy c o q o s i t i o n  might be detonable. A. 3ethod has been devised t o  t e s t  
small samples for t h e  a b i l i t y  t o  detonate i f  burning s t a r t z .  I n  th i s  procedure a 
t r a n s i t i o n  pressure i s  found for any pro3ellant which cor re la tes  vit:? t n e  deton- 
a b i l i t y  of conventional high explosives. Propellants and explosives can tiius b-. 
classil‘ied as mass-detonating or not using thn procedure i n  one of thc  rei’orcnces. 

Tne probabi l i ty  calculat ion represents a balance betyeen t h e  Zoollowing 
parameters and any psrmeteims which may be subsidiazy t o  these: 

Dmor : - - Acccotor: Tiall : - 
Area Thickne 8s  
9i stanc e Eeight 
Case 
biaterial  and Wt. 
Sens i t iv i ty  
Blast 
i I i s  s i l c  
Chunks 

Distance 
Case 

F q l o s i v c  output 
B l a s t  
! :is s i l e  

i.bt e r i a l  

Vclocity 

Depending upon the  re la t ive  rragnitude of these parameters, t h e  various modes 02 
f a i l u r e  assume grea te r  o r  less bGor-tance. Thus t‘ne e;fcct of sone fir’tezn 0:’ 

twenty fac tors  i s  evaluated object ively i n  one f igure,  tne  overal.1 p:-obability 0: 
detonation, Po. 

!L major advantage 02 reducing the tangible  e f fec ts  t o  an o-u,jective f i ~ i r e  i c  
t h a t  the  tangible  considerations can be handled as a n a t t e r  of rout ine,  ieevinE 
the  in tangf i le  f a c t o r s  t o  be reduced by jud.gerr.ent of those who are most exgel-ienceci 
i n  the  industry. An addi t ional  advantage i s  t h a t  when la rge  uncer ta in t ics  eye 
shown t o  exis t  due t o  lack of data, a prooer Jus t i f ica t ion  and a l loca t ion  os funds 
for la rge  programs can be prepwed. 

Personnel protect ion follows the  pr inciple  given here r i t h  t h e  additicna:. 
r e s t r i c t i o n  that t h e  probabi l i t i es  should be :.educed t o  t h e  equivalent ol‘ zero .oy 
designing so t h a t  t h e  calculated number of missi les ,  punchings, and spalls a:.e 
l e s s  tnan one ( i . e .  e f fec t ive ly  zero); and designing b las t  r e s i s t a n t  she i te rs  t o  
protect  against  b l a s t  and leakage. 



114 

NoI.IEMCL4TuRF 

AA = presented a rea  of acceptor, sq. ft. 

Am = l e t h a l  area of  acceptor, sq. ft. 

As = area  searched by miss i les  a f t e r  punching, sq. ft. 

d = distance from source of missi le  t o  acceptor, ft. 

= diameter of missile due t o  pnching, f t .  

dr = diameter of round acceptor, f t .  

e = base of na tura l  logarithms. 

K.E. = kine t ic  e n e r a  of la rge  missi le  a t  acceptor, f t . - l b s .  

N = probable nunber of impacts 

NX = number of n i s s i l e s  having weight and veloci ty  su i tab le  f o r  causing 
detonation i f  an impact occurs. 

P = probabi l i ty  of impact o r  detonabi l i ty  o r  both associated vich a given 
mechanism of t r a n s f e r  o r  node of wall fa i lure .  

Subscripts to  P: 

i = impact; S = s e n s i t i v i t y  (detonabi l i ty) ;  ;4 = missi le  donor e f fec t ;  

B = b las t  donor ef fec t ;  n = 1,2, e tc .  acceptor e f f ec t  tabuinted belov; 

D = detonation. 

Probabi l i ty  of Impact 

General case Pin 

Specified mechanisms 
IUssi les :  perforat ion Pilill 

spa l l i ng  piM2 
Blast: leakage PiBl 

punchine piB2 

p=3 spa l l i ng  

col lapse piB4 

Sens i t iv i ty  
Probabi l i ty  

(Detonability) 

PSn 

Combined 

I 
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Acceptor s e n s i t i v i t y  
/ 

Vall aosent, 
present, strikiw veloci ty  = 

rcsidual  velocity Weiizht of thickness : - 
l a rges t  n i s s i l e  
26.5 02- 

3 '  2' 1' 

Yocity 
01 m n L i  ef fec t ive  

Weignt and ve: - . .  
Y 

nissile ;or I' w a l l  

Zero perforat ion 
\ io, 000 

Velocity of x i s s i l e  a t  accep'co:', ?ps 

I l lust in , t icc  Xmierical emantities * 
i4issile veigilt 

ounces 

26.5 
1b.o 
6.2 
1 . G  
0.0 

zl 
Iiu,iDer of effect ive 

missiles, Nx, 
heaviei- than m 

1 
15 
la h 

1,800 
26,500 

Probade nutioel- 
01' hits Ior W C ' ~  
i.ai.1, I$! 

0.005a 
0.0861 
1.06 
19.4 - 

Probabilizcy of 
dctonation f o i  
each w a l l ,  Pir,p 

0.005 
0 * 5'1 
0.05 
1 - 

* A c t u a l  quant i t ies  depend on all pameters i n  t i e  explosive system. 

F i w r e  1. Ilomenclature and re lat ionships  f o r  perforat ion of 
wall by missiles from donor explosive. 
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X u  st r ac t  

Tie Picatinny A-senal! Safe ty  32sign Cr i tey ia  Progyain i s  aii.ied a t  e s tdo l i shmnt  
0;' quant i ta t ive ,  r e a l i s t i c  c r i t e r i a  f o r  optirmus desi@ ox' pi-otcctive s txuc tures  t o  
prevent propagition o r  ex?looion, in jury  to personncl, and daimgz oi' m t 2 r i e , l .  

Yne ovc;-all prceraa cons is t s  of th ree  phases. Phase I deals v l t h  y e v e n t i o n  
of pi-opagation and personnel inJu-ry clue t o  pure b l a s t  e f fec ts .  
rgitn the  effects of pzi;!ui->r ?ragnent i x p c t s  r e su l t i ng  21-03 mptur.c of the  donor 
e q l o s i v c  casing in  causing explosion n r o s g a t i o n .  P-hase I11 de 
developnent oi design c y i t e r i a  f o ~ -  b-.--- ,-,icades and x ius t an t i a i  d i  
prevention of explosion Fyopgat ion and personnel in;uiy. 

Phases I and I1 0;" this study corer  cstaijli;h>:nt o: quant i ta t ive  design 

plnsc I1 deais  

c r i t e r i a  20;. explosives f a c i l i t i e s  r e l a t ing  t o  p-cvention of explosion 2ropZat ion  
by b l a s t  and iragaent irnpact ecfec ts .  
02 l a q p s c a l e  behavior of these  na te - ia i s  enploylcg i.-.iatlonsnipi vhich require 
data f r o n  small sca le  t e s t s  only. 
pemlit thz  calculation of sa fe  distances ?o;. prevention of propagatim o r  dcfonation 
due t o  Cragpent ixpact betveen adjacent po ten t i a l ly  nacs detonating explosive 
' systexs,  Sor any assmed degree of r i s k  and degree of stec!. casing. ,These re la t ion-  
ships PCEiIit prediction of probabi l i ty  of propga t ion  in  an e x i s t i n s  s i tuakion  as 
well a s  calculation of necessai-y changes i n  acceptor shieldin& enci/or zcpn-ation 
distances f o r  any o ther  tolera'ule degree of r i  sir. 

" h e  mtizods presmted a r c  based on nredic t ion  

Reiationsiiips ha:Je a l so  been developed which 

?liase I11 of thc program, dea ls  with quant i ta t ive  nethods l o r  l , e a l i s t i c  clcsi,n 
oi' protec t ive  walls or coxioinations of walls (vanufac.tu:.ing 5ay or  s torage  cub ic l - j  . 
Consideration i s  given t o  such f ac to r s  as donor eiYec'Gs, :rail r"esponses, and 
acceptor (personnel, equipiiient o r  anotiiey explosive charze) s e n s i t i v i t y  t o  t h e  
e f f e c t s  of donor detonation. .3pecial eii!phasis i s  pl.aced on close-in C f e c t s  02 
donor detonation wnere non-unifonaity 0' mli  loadine rakes t i i n  apnl ica t ion  0;' tine 
plane wave theory not va l id .  The donor charge wi-,ich deternines the  b l a s t  loads 
and primary fragments i s  discussed i n  terns of various pa rme te r s  05 donor ciiayac- 
t e r i s t i c s .  Wall responses ( t o  t h e  b l a s t  loads: .i-esul.tin~ Prom the  donoi. explosion) 
a r e  discussed i n  te,r,is of various inodes or' w a l l  %!.lure which m y  i : n p a i r  structu;-cil 
i n t e g r i t y  of t h e  -all. Tnese am: (1) spal l ing  (causing fornation of secondary 
fragments) (2)  punching ( loca l  shear f a i l u r e  causin;: Comation of secondary Ti-ag- 
ments) (3) f lexura l  f a i l u r e  (caused by ove ra l l  f l ex inz  ac t ion  of tine w a l l  +iicii 
brings the val l  t o  t'ne point 02 i nc ip i en t  b r e a h p )  (4) t o t a l  des t ruc t ion  oi' ?:-,e v a l l  



(causing coinplete breakup i n t o  secondary fragments) ( 5 )  penetration of t h e  wall by 
primary i i s s i l e s  ( r e su l t i ng  i n  e i t h e r  perforation of t h e  w a l l  o r  spa l l ing)  . 
discussed a r e  various degrees of w a l l  support as well  as d i f f e ren t  types of w a l l  
cons t ruc t ion  including sandwich-type walls. 

Also 

The acceptor s e n s i t i v i t y  i s  discussed i n  terms of e i t h e r  t o t a l  p ro tec t ion  l eve l  
( f o r  personnel and equipment) where e s sen t i a l ly  no damage t o  a pro tec t ive  wall can 
be  to l e ra t ed ,  o r  lesser degrees of protection t o  pro tec t  aga ins t  propagation or' 
explosion. 

In t roduct ion  

The l ack  of quan t i t a t ive  design techniques f o r  s a fe  explosives storage and 
manufacturing f a c i l i t i e s  has been a continuing problem. 
regula t ions  have been e f f ec t ive  i n  preventing explosion propagation over t he  past 
years,  t h i s  has been l a r g e l y  due t o  t h e  high degree 02 overdesign incorporated i n  
these  regulations.  Moreover it has become increasingly apparent i n  recent y e a x ,  
p a r t i c u l a r l y  with the  advent of hich energy propellants,  t h a t  t he  present sa fe ty  
regula t ions  a r e  se r ious ly  inadequate i n  tha t  they do not provide systeimtic tech- 
niques f o r  optimm design of pro tec t ive  s t ruc tures  required i n  explosive and 
propel lan t  manufacturing p l an t s  and storage areas.  The a i m  of t he  Picatinny progi-al 
i s  t o  e s t ab l i sh  such quan t i t a t ive  r e a l i s t i c  design c r i t e r i a  which can be used with 
confidence i n  engineering pro tec t ive  s t ruc tures  t o  prevent propagation of explosions, 

i n j u r y t o  personnel, and damage t o  materiel .  

Although present sai'ety 

The various phases of t h e  program a r e  shown schematically on Figure 1 which 
shows phases completed and those  i n  progress a t  t i e  present t i m e .  
o v e r a l l  program dea ls  with propagation or" detonation due t o  pure b l a s t  e f f ec t s  
(sympathetic detonation).  
( r e s u l t i n g  from rupture of t h e  donor explosive casing) i n  causing explosion propga-  
t i o n .  Phase I11 dea l s  with t h e  development of design c r i t e r i a  f o r  pro tec t ive  
s t ruc tu res  f o r  prevention of explosion propagation and personnel in jury .  

Pnase I of t he  

Phase I1 deals  with the  e f f ec t s  of primary fragment impact 

The ana ly t i ca l  por t ions  of t h e  overa l l  program nave been e s sen t i a l ly  completed. 
Detailed r e s u l t s  of t hese  s tud ie s  a r e  contained i n  References 1, 2, 3, and h .  

A t  present a model s c a l e  tes t  program i s  i n  progress which i s  designed t o  
confirm t h e  design r e l a t ionsh ips  developed, and/or t o  ind ica te  a reas  where tnese 
r e l a t ionsh ips  should b e  modified or  supplemented. 

Phase I -- Sympathetic Detonation 

I 

This phase of t h e  program dea l s  with establishment of r e a l i s t i c  quantity- 
d i s t ance  re la t ionships  for prevention of sympathetic detonation. 
equation proposed i s  shown in  Figure 2 and i s  based on cor re la t ion  of ava i lab le  

The general  



data  and relat ionships  reported by various invest igators .  It has been found t o  
hold f a i r l y  well  f o r  donor charges of various explosives ranging Prom 1-250,000 
pounds of weight. 
weight ( i .  e. degree of confinement, ground re f lec t ion ,  explosive composition, and 
shape) which a f f e c t  the  peak pressure b l a s t  output of a donor charge. 
accomplished by means of t h e  various coef f ic ien ts  indicated which r e f e r  the  ac tua l  
donor charge weights t o  a s e t  of standfwd conditions.  The f a c t o r  K, therefore ,  i s  
a constant f o r  each explosive depending only on i ts  s e n s i t i v i t y  t o  b l a s t  ( i . e .  con- 
s ider ing  t h e  explosive i n  the  ro le  of acceptor charge). 
t o  a p a r t i c u l a r  peak pressure which i s  t h e  m i n i m  b l a s t  pressure required t o  
cause sympathetic detonation. 
law corre la t ion  
with t h e  assumption of  peak pressure a s  the  c r i t e r i o n  of explosive b l a s t  output. 
The f a c t o r  I< f o r  a p a r t i c u l a r  mater ia l  can be determined by a s e r i e s  of small sca le  
t e s t s  i n  which d i f f e r e n t  weights (e.g. 1-100 pounds) of bare spherical  TIfl charges 
held s u f f i c i e n t l y  high above the  ground s o  t h a t  ground re f lec t ions  m y  be considered 
negl igible  ( i .e .  Fc, F,, Fe, and Fr each equal 1) a r e  detonated a t  varyine, distances 
from an acceptor charge of the  mater ia l  In  question. 
naximun distance a t  which sympathetic detonation occurs versus corresponding donor 
weight should give a s t r a i g h t  l i n e  of 113 slope, the  intercept  of which on the 
distalice ax is  is  equal t o  K. Concerning the donor weight adjustment fac tors ,  a 
considerable amount of information r e l a t i v e  t o  these fac tors  i s  avai lable  i n  the  
l i t e r a t u r e  (References 5 and 6). I n  cases where coef f ic ien ts  mst be determined t h i s  
can be accomplished by appropriate small scale  t e s t s .  
coef f ic ien t  Fe, f o r  a new mass-detonating explosive could be determined by the xethod 
out l ined on Figure 3. 

This equation accounts for various fac tors  i n  addi t ion t o  

This is 

B c h  K value corresponds 

It should be noted at t h i s  point t h a t  the  cube root 
and t h e  method of donor weight adjustment enployed a r e  consistent 

A logarithmic p l o t  of the 

For example, the composition 

Figure 4 i s  a s i n p l i f i e d  i l l u s t r a t i o n  of what can be done with t h e  proposed 
quantity-distance re la t ionship  for sympathetic detonation. F i r s t ,  it show a 
logarithmic p l o t  of t h e  ava i lab le  t e s t  data  r e l a t i v e  t o  occurrence of synpathctic 
detonation. 
calculated by adjust ing the ac tua l  donor weights ( L 2 5 0 , O O O  pounds) by the  method 
previously described. The p lo t ted  dis tance corresponding t o  any indicated charge 
weight approaches the maxirmun dis tance a t  which synpathetic detonation would occur 
with that charge; or conversely the  p lo t ted  donor charge weight corresponding t o  
any indicated dis tance approaches the  minimum weight necessary t o  produce s p p a t h e t i c  
detonation a t  that distance.  A s  would be e q e c t e d ,  the  plot  shows a region i n  the 
weight-distance plane vhere sympathetic detonation d id  not occur. A s t r a i g h t  l i n e  
drawn t o  separate the  region of non-occurrence of sympathetic detonation froin t h e  
region where sympathetic detonation d id  occ r, has a slope of  approximately 113 
and correkponds t o  the  equation 
This i s  a gross separation based on the  most sens i t ive  explosive considered, i . e .  
dynamite. O f  course, the  methods previously descri'oed could be used t o  es tab l i sh  
a family of such l i n e s ,  one f o r  each mass detonating explosive depending on i ts  
s e n s i t i v i t y .  
w i l l - l i e  considerably below the gross boundary shown on Figure 4. 
be l e s s  sens i t ive) .  

. 
The ef fec t ive  donor weights r ang iw  from 3-b50,000 pounds were 

= 3.1We1?3 and a peak pressure of 100 ps i .  

For rnany explosive mater ia ls  of current  m i l i t a r y  i n t e r e s t ,  such l i n e s  
( i . e .  they w i l l  

Indeed, f o r  TNT-base explosives, threshold peak pressures 
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required f o r  sympathetic detonation a r e  of t h e  order of several thoi;:;and >si. 
The l i n e  shown immediately above t'ne ~Julpatl ietic deton t i o n  bcundary corressocd; 

appl ica t ion  of sa fe ty  f a c t o r  of 1.6. 
magazine quantity-distances f o r  mass-detowting explosives (broken l i n e s  cn F i w r c  
4) are overly conservative f o r  prevention of propagation due t o  pure b l a s t  e f f ec t s .  
I t  should be noted that, although a l i t e r a l  in t e rp re t a t ion  or' tnese regulations i s  
that they  are for prevention of pure b l a s t  e f f e c t s  only, t'iey a r e  intended t o  pro- 
vide some degree of pro tec t ion  aga ins t  propagation by fragment impact, since a 
real s i t u a t i o n  where only b l a s t  e f f ec t s  a r e  s ign i f i can t  is  unlikely.  The extent 
of t h i s  protection aga ins t  fragment e f f ec t s ,  however, i s  not quant i ta t ive ly  de- 
fined. As w i l l  be discussed later i n  t'nis paper, Phase I1 of the  Picatinny program 
is concerned with a quan t i t a t ive  approach t o  quantity-distances f o r  fragment e f f ec t s .  

t o  a pressure of 30 p s i  and has t h e  equation ds = 5Ve1 7 3 which cons t i tu tes  znc 
It i s  apparent t h a t  present i n t r a i l n e  and 

Tne significance of f a c t o r s  a f f ec t ing  t i e  output of a donor charge i s  shoim 
i n  Figure 5 which i s  a summa-ry of ca lcu la t ions  m d e  by the wetilod previously de- 
scribed t o  a r r i v e  at e f f ec t ive  wei&ts of a 10,000 pound donor charge detonated 
under a wide -awe of conditions,  and corresponding aalc distances 0-otained from 
the d, = 5We1$3 quantity-distance re la t ionship .  Ve 'nave a s swed  a cy l ind r i ca l  
shape f o r  tine charge, corresponding t o  a shape correction f ac to r  (F,) of 1.25. 
A s  indicated at t h e  l e f t  of tne t a b l e  various exS1osive compcsitions were con- 
sidere$ corresponding t o  composition correction :'actors ( I?,) ranging i'roIn 1.0 f o r  
TNT t o  1.27 f o r  explosive 2. 
f ac to r s  (Fr)  ranging from 1 . 5  t o  2.0 f o r  various degrees of ground re f iec t ion ,  and 
f o r  each of these  r e f l ec t ion  conditions,  correction ?actors (F,) rangiw from 0.; 
t o  1.1'7 f o r  various degrees of confinenent a r e  indicated.  Tne ca lcu la ted  values OF 
e f fec t ive  donor charge weights r a z e  r'rom 12,500 Founds t o  iG ,OOO pounds with 
corresponding safe distances of 116 f e e t  and 1'72 f ee t ,  respectively.  Accordin& 
t o  present i n t r a l i n e  regula t ions ,  t h e  explosive veight would be t i r e n  as 10,090 
pounds and the corresponding safe d is tance  as 100 f e e t ,  reCa;.&ess of t he  wiil&y 
varying conditions indicated.  

Across t h e  t op  or' t he  t ab l e  are assumed cor rec t ion  

. 

Phase I1 - Propagation by Primary Fragnents 

This phase deals with t'ne e f f e c t s  of fragment impact i n  cmsing high order 
detonation i n  an explosive charge, and r e l a t e d  sa fe ty  design c r i t e r i a .  This work 
has resu l ted  i n  the  establishment of (1) a method of predicting the  vu ine rao i l i t y  
t o  high order detonation of an explosive system ( o r  m i n e r a b i l i t y  t o  mass aetona- 
t i o n  of adjacent explosive systems) i n  terms of geometry of t h e  system (e.g. 
explosive weight/casing r a t e ,  cas ing  thickness and diameter) an2 explosive proper- 
ties (e.6. output and s e n s i t i v i t y ) ,  and (2) a metnod fo r  ca lcu la t ing  safe  d is tances  
f o r  any assumed degree of r i s k .  
re la t ionships  developed by B r i t i s h  and U. S. inves t iga tors  as a r e su i t  of t neo re t i ca i  
s tud ies ,  confirmatory t e s t s ,  and ac tua l  experience. The general  re la t ionships  a r e  
presented schematically on Figure 6. 

The methods are based on cor re la t ion  of various 

These equations pe rn i t  prediction of the gross 
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mass-detonability cha rac t e r i s t i c s  oLn e;colosive systems. 
which must be considered f o r  any explosive system i n  e i t h e r  a donor o r  acc-ptc; 
role. As indicated by equation (1) an  o u t p t  constant ( S I )  must o;r: cstablizhcd 
ror t h e  donor charge. Values for several  standaid ex>losives a r c  avail- 
t h e  l i t e r a t u r e ,  Reference 7. For other explosives o r  propellants,  E '  c 
established experimentally by conducting small sca le  t e s t s  i n  whicn cas  
of various E/C r a t i o s  a r e  detonated and corresponding Iyament ve loc i t i e s  measured. 
The output constant is rcadi ly  obtaina'ale f'ron a p lo t  of (Vo) vs (Z/C) i n  accorr&ince 
with equation (1). 
any pa r t i cu la r  weight range produced by detonation 02 a cased charge. 
case of equation ( 2 )  can be used t o  ca lcu la te  t he  mss of the  La-gest  ?ras.ent 
(rnwy) produced i n  the  dotonation according t o  eryation (2a) .  

Ohown a r e  tile i ' a c t cx  

Zquation ( 2 )  i s  f o r  ca lcu la t ion  of t hc  num-oer of fragxents I n  ' 

i, 

.>- spec ia l  

Considering, norr, an explosive system i n  t h e  ro le  0" a n  accepts-:  equation (3) 
ind ica tes  t h a t  an exnlosive s e n s i t i v i t y  constant (I+) must be es tab l . i shz i  ?oz t h e  
acceptor explosive. !.s i n  cases o r  ti? othep constants previously discussed, values 
of t'nis constant a x  ava i lab le  ;or so:ne of  t he  srell. iaown explosi-ccs such as Til'? and 
RDX/TFTT n ix tures  (Reference 8 ) . For other expl.osives and zass-dztonating p:o_oellants 
t he  (Kf) m l u e  could be establj.shed Oy a p l o t  or' V s  1's f ( t a ) ( n )  i n  accordance with 
equation ( 3 ) .  
individual i " ra0ents  oi' known rmss agains t  exploa i -e  ckiargcs irith various d e g x e s  

merit required t o  produce high order detonation. 

A simple method oi" obtaining the  necessai-y- data vould be to l ' i r n  

? of casing, and deternining, foi- each cnargc, ti;? i:ini::mi ve!.ocity of a Given ;*--e&- 

Once the  various explosive constants have been established, and knwdin& 5h.z 
overa l l  geoxetry and dimensions of' an explosive systci-fl., it can be seen frox :ci c) 

that a reasonably r e l i a b l c  pred ic t ion  as t o  i t s  w l n e r s k i l i t y  t o  hLgh order detona- 
t i o n  by fragment impact ( o r  i t s  po ten t i a l  a b i l i t y  t o  contribute 'GO propagation ol' e-. 
explosion, wnen considei-ed i n  r e l a t ion  t o  any spec i f ic  environmcrl-t OP aldacen-t 
explosive systems) can be made by a straightfor-mrd sel-irx 0: ca lcu la t ions .  TAUS, 
f o r  a par t i cu la r  donor-acceptor s i t ua t ion  ( v,) and (j>$-,=.) a r c  2ii.st c e ~ . c u ~ . a t e ~ .  
Since t h e  equations a r e  based on the  assw.ption of cy!.ir.drical cased ciiarces (l.2. 
constant cross-section) t h i s  w i l l  often rccjuire consideration oi' tile dono: i n  
sections i n  such a imy t h a t  equivalent cylinders can be consti-ucted, having a;:eiz~;e 
w a l l  thickness,  average charge diamtei. ,  and the  sa!?:! ( Z / C )  za t io  as the  ac tua l  
sec t ion .  
value of (V>min), i s  calculated,  assuriing i n p c t  a t  t h e  th innes t  por t ion  oz ';ie 
accepter casing ( $ . e .  the most sevei-c condit5ons). It i s  a l s o  assuuned tiiat ti?? 

so t h a t  fragments s t r i k e  the  acceptor a t  t h e i r  c~axL:,uv:. veloc i ty  ( V o ) ,  i . 2 .  Yiici-c 
a r e  no ve loc i ty  losses which wo&d increase with increasing distance i"-.or.: the  &nor. 
A s  shown i n  Figure 6,  therefore ,  the r a t i o  (Vo/fioPLin) i s  a c r i t e r i o n  f o i  p-edictln; 
t he  gross rnss-detonabili ty cha rac t e r i s t i c s  of 'explosive sys t em.  

, 

n f t e r  calcu~.ating (v,) arid (qn;:) f o r  cach section t h e  corresponding 

, acceptor i s  i n  very c lose  proximity t o  the donor (again, tile rr.ost severe condif:.onj 
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Development of re la t ionships  f o r  calculat ion of sa fe  distances i n  terms of 
probabi l i ty  of high order detonation occurrence or  r isk of propagation of detona- 
t i o n  by fragment impact a t  these  dis tances  w i l l  now be discussed. For the  sake 
of s impl ic i ty  and convenience a graphical  representation of these relat ionships  
i s  shown schematically i n  t h e  next s e r i e s  of f igures .  

The p l o t  presented on Figure 7 is based on equation (4). It r e l a t e s  fragment 
s t r i k i n g  veloci ty  (US) with fragment mass (m) a t  any dis tance from the  detonation 
source ( a )  (constant; dis tance l i n e s  - dm being l imi t ing  dis tance at which detona- 
t i o n  w i l l  occur). 
donor fragments (Vo).  
b e  prepared for d i f f e r e n t  values of (Vo).  
presented area t o  fragment mass r a t i o ,  densi ty  of air, and air drag coef f ic ien t .  / 

(References 7 and 9).  
which def ines  the m i n i m  ve loc i ty  a fragment must have i n  order t o  detonate a 
given acceptor.  
a t  which a high order  detonation w i l l  occur) with fragment mass (m) and acceptor 
casing thickness ( t a )  and/or thickness of shielding i n  f r o n t  of acceptor charge. 
The graph is plot ted f o r  a s ingle  explosive s e n s i t i v i t y  (expressed i n  terms of 
t h e  s e n s i t i v i t y  constant  (Kf) , discussed previously).  

Each p l o t  i s  made f o r  a s ingle  value of i n i t i a l  veloci ty  of 4 
A s e r i e s  of p lo ts  l i k e  the  one presented on Figure 7 can 

The constant (k) is  a f'unction of the 4 

F i g u e  8 i s  a schematic representat ion of equation (3) 

This p l o t  r e l a t e s  t h e  boundary ve loc i ty  (minimum s t r i k i n g  veloci ty  

When t h e  p lo ts  from Figures 7 and 8 a r e  combined as shown on Figure 9 useful  
re la t ionships  a re  obtained. 
ve loc i ty)  of a fragment with fragment mass a t  various dis tances  (d)  and acceptor 
casing thickness ( t a ) .  If boundary veloci ty  of a fragment is now equated t o  i t s  
s t r i k i n g  velocity,  it becomes possible  t o  f ind  t h e  minimum ef fec t ive  mss of a 
fragment produced by t h e  donor explosive that w i l l  cause a high order detonation 
i n  t h e  acceptor charge at any dis tance from the donor (a )  and/or shielding of the 
acceptor  (t). 
from t h e  donor charge can then be calculated from equation (2). 

Figure 9 r e l a t e s  s t r i k i n g  veloci ty  (or boundary 

The number of such ef fec t ive  fragments produced at any dis tance 

It is of i n t e r e s t  t o  note  the l imit ing case vhich i s  shown by equation (h) 
on Figure 9. This ind ica tes  t h e  maxinrum distance (am) a t  which propagation by 
fragment impact can occur for  a given donor - acceptor s i tua t ion .  This is  t h e  
d is tance  at which t h e  l a r g e s t  fragment (%) produced by the  donor s t r i k e s  t h e  
acceptor  at the  m i n i m  ve loc i ty  (Vbmin) required f o r  detonation. It should be 
noted f u r t h e r  t h a t  i n  terms of probabi l i ty  of acceptor detonation t h i s  i s  a bound- 
a r y  s i t u a t i o n  representing minimum probabi l i ty  of acceptor detonation occurrence, 
i . e .  maXlmum distance,  minimum boundary veloci ty ,  and mininnun number of e f fec t ive  
fragments. ( the  s ing le  l a r g e s t  donor fragment). A t  g r e a t e r  dis tances  and/or lower 
v e l o c i t i e s ,  the  probabi l i ty  of acceptor  detonation is ,  therefore ,  presumed to be 
zero.  



I 

b 

t 

I 

The general case of reducing design distances from the  l imi t ing  distance 
value ( a s  expressed by equation (h)) and/or shielding thickness by accepting a 
ce r t a in  r i s k  or probab i l i t y  of t he  p o s s i b i l i t y  of high order detonation occurrence 
w i l l  now be considered. The probable nunber of e f fec t ive  h i t s  ( i . e .  h i t s  which 
upon s t r i k i n g  t h e  acceptor charge w i l l  cause high order  detonation) by impacting 
fragnents is  expressed by equations (5)  and (w), Figure 10 (Reference 7) .  
be  seen from t h i s  equation, t h e  probabi l i ty  per u n i t  a r ea  is  proportional t o  t h e  
number of e f f ec t ive  fragments (N,) (obtained from equation (2 )  previously discussed) 
and inversely proportional t o  the  distance between t h e  donor and accegtor c.harges. 
Included i n  t h e  equation is  a constant (g)  governing t h e  d i s t r ibu t ion  of fragnents, 
which depends on t h e  spac ia l  angular d i s t r ibu t ion  of fragments. The p lo t  shown on 
Figure 10 re l a t e s  t h e  d is tance  between t h e  donor and acceptor charges (d ) ,  shield- 
ing  ( t  ), and p robab i l i t y  of high order detonation occurrence (E) . 
probabi l i ty  curve (Po) ind ica tes  a re la t ionship  between the  d is tance  (d) and shield- 
ing  ( t )  beyond which no high order detonation is possible.  
t h e  l imi t ing  case mentioned e a r l i e r .  

A s  can 

The zero B. 

This l i n e  represents 

The higher t h e  probabi l i ty  l eve l  t h a t  can be to l e ra t ed ,  t h e  lower t h e  distance- 
sh ie ld ing  combination necessary. This re la t ionship  p e m i t s  gross prediction 0; t he  
necessary separation and/or shielding between two explosive systems a t  any degree 
of prababi l i ty  of high order  detonation occurrence. To compose such a re la t ionshi9  
f o r  a spec i f ic  s i t u a t i o n  a l l  that would be necessary i s  knovledge of t he  geometry 
of t h e  system and t h e  previously discussed explosive proper t ies  r e l a t ing  t o  sensi-  
t i v i t y  and output. 

Phase I11 - Design of  Protective Structures 

The design or  capacity of a pro tec t ive  w a l l  o r  conbination of walls (a =nu- 
fac tur ing  bay o r  storage cubicle) must be  determined when considering any explosive 
manufacturing and/or storage s i tua t ion .  Although cur ren t  regulations give guide 
l i n e s  f o r  es tab l i sh ing  barricades and subs t an t i a l  dividing walls which have been 
e f f ec t ive  f o r  many years, a quant i ta t ive  procedure Por assess ing  the  degree of 
pro tec t ion  which may be  expected from ex i s t ing  pro tec t ive  walls, or designing new 
walls i s  not ava i lab le .  

Developing pro tec t ive  wall design c r i t e r i a  (based on ex is t ing  data and tiieoret- 
i c a l  consideration) has been primarily concerned with r e l a t i v e l y  d i s t an t  e f f ec t s  of 
explosions where a plane wave approach may be enployed. Although s i tua t ions  of t'nis 
s o r t  a r e  of occasional i n t e r e s t  i n  Ordnance, t h e  majority of cases a r e  concerned 
with close-in e f f e c t s  where explosives a r e  i n  r e l a t i v e l y  c lose  proximity t o  t h e  
pro tec t ive  w a l l .  
cause of non-uniformity of wall loading (Reference 4). 

Application of plane wave theory i s  not v a l i d  i n  such cases be- 

A t yp ica l  s i t u a t i o n  f o r  which s t ruc tu ra l  design c r i t e r i a  mst be  considered 
cons is t s  of t h r e e  separa te  but re la ted  systems as presented on Figure 12 i . e .  t he  
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donor (explosive m t e r i a i )  which produces the  damaging output,  t'ne acceptor 
(,explosives, equipment, personnel) which w i l l  regulate  the allowabie toleranccc, 
of t h e  overal l  system, and the  intervening protect ive barricades,  walls and/or 
dis tances  which reduce the donor output t o  a to le rab le  l e v e l  with respect t o  t h s  
acceptor.  

Donor Effects  

The damaging output of t h e  donor is in the form of b l a s t  pressures an&/or 
primary fragments, depending upon whether the  explosive i s  cased o r  uncased. 
Based upon maintaining the o v e r a l l  s t a b i l i t y  of a protcct ive wall, t h e  b l a s t  
pressures and impulse loads r e s u l t i n g  from the detonation will be of pr ine i rpor t -  
ance (References 10 and 11). 
mine t h e  magnitude of the b l a s t  loads and t'ne d i s t r i b u t i o n  of t h e  pressure pa t te rn  
on t h e  w a l l ,  as well as t h e  mass-velocity c h a r a c t e r i s t i c s  of primary fragments. 
These propert ies  consist  of (1) explosive c h a m c t e r i s t i c s ,  namely, type of exslosive 
mater ia l  and energy output, weight of explosive, and type ana thickness of casing, 
(2) loca t ion  of the explosive r e l a t i v e  t o  t h e  b a r r i e r  and/or acceptor,  (3) m g n i f i -  
cat ion and reinforcement of the  init ial  b l a s t  wave by Cne presence of adjacent 
obstructions and/or s t ruc tures .  

The physical propert ies  of the  donor system will deter- 

Three basic  donor charge locat ions are of i n t e r e s t  as shown on F i w r e  12.  
F i r s t ,  t h e  donor may be i n  f r e e  air with t h e  b l a s t  wave propagating out f ron  t h e  
center  of the  explosion and striking t ie  w a l l  (Figure 12a).  Secondly, the  donor 
may be at such a location r e l a t i v e  t o  t h e  w a l l  t h a t  a Nach s t e n  w i l l  be formed 
which only p a r t l y  envelopes the  wal l ,  while the r eminde r  of the  w a l l  i s  subjected 
t o  f r e e  air pressures (Figure la). 
the  pressure i n  the  Mach f r o n t  w i l l  be fe l t  over the  e n t i r e  w a l l  surface.  The 
wall i s  then subjected t o  a uniform b l a s t  load or plane Wave (Figure 12c) .  
d e t a i l s  are  given i n  Appendix A. 

Third, the charge locat ion nay be such that 

Furthek 

I n  considering any p a r t i c u l a r  wall of a cubicle type s t ruc ture  t h e  b l a s t  
enhancement e f f e c t s  due t o  r e f l e c t i o n s  from the ground and adjacent walls m s t  be 
considered. 
i n  t u r n  a re  used t o  determine t h e  ecpivalent weight of the charge ac t ing  on t h e  wall. 

This is done by determining appl icable  re f lec t ion  coef f ic ien ts ,  which 

Figure 13 indicates  graphical ly  the method f o r  determining re f lec t ion  f a c t o r s  
as a function of various parameters. 
multiplying fac tors  t o  be appl ied  t o  the ac tua l  charge weight, thus obtaining an 
equivalent charge weight ( see  Appendix B), 

These re f lec t ion  fac tors  a r e  u t i l i z e d  as 

Wall Responses 

The response o f t h e  pro tec t ive  s t ruc ture  t o  donor output will depend on t h e  
propert ies  of the  donor system as described above and t h e  physical c h a r a c t e r i s t i c s  
(mater ia l ,  s t rength,  and configurat ion)  of the s t ruc ture  i t s e l f .  The donor oukput 
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w i l l  e s t ab l i sh  t h e  loading on t h e  wall while tiie trail charac te r i s t ic ;  v i11  co-k-zm 
i t s  res t ra in ing  c a p b i l i t i e s  t o  tine applied load. When a pro tec t ive  -rill i s  su-2- 
jec ted  t o  t i e  detonation e f f ec t s  of an explosion, t he  wall w i l l  c i t i i e r  r-einain 
i n t a c t  ( e l a s t i c  response) undergo p l a s t i c  ac t ion  (pernanent deforcation) o r  f a i l ,  
depending on magnitude of t i e  load, load d i s t r ibu t ion ,  and the  .all response. 
(Reference 12). For close-in detonations,  design for e l a s t i c  response of a ; m l l  
w i l l  be p rac t i ca l  only f o r  small charges and generally i s  only of concern i n  the 
design f o r  protection of personnel and/or valuaole ecgipment. For those  sysCIens 
where the  in t eg r i ty  of t h e  wall i s  not  e s sen t i a l ,  t he  wall response m y  be expessed  
i n  t e rns  02 various nodes 02 f a i l u r e .  
nodes is  shown i n  Figure lh. 
o r  by b l a s t .  
acceptor s ide  with sone res idua l  velocity,  be  eifoedded i n  t i e  t ~ l l  r e su l t i ng  i n  
spa l l ing ,  o r  be embedded i n  the >all without causing any dmmge on the acceptor 
s ide  (indicated by "no action" on tine cha r t ) .  
produces secondary (concrete) fragments of extremely low ve loc i ty  ( severa l  -.*eet/sec. ) . 
I n  most cases (except where personnel protection is  involved) these  e f f e c t s  can be 
neglected. 
nents ray cause propagation i n  t h e  acceptor charge if t h e i r  iaass and res idua l  
ve loc i ty  a r e  su f f i c i en t ly  high. A quant i ta t ive  nethod has been developed f o r  
estimating residual ve loc i ty  of prima-ry fraginents as a i2nction of v a l l  thickness,  
fragment s i z e  and material ,  and i n i t i a l  Cragtent velocity.  ( see  A9pendj.x C )  . 

i n  terms of several  nodes of wall f a i l u r e  (shown on t i e  cha r t ) .  
of a b l a s t  load, these modes cons is t  of (1) t h e  fornat ion 0;' concrete fragments, 
(secondary fragments) by scab3ing (spa l l ing)  ac t ion  of the rear sur face  0: t he  mll  
(2)  l oca l  f a i l u r e  of t h e  wall r e su l t i ng  from developent  ol excessive l o c a l  shear 
s t r e s ses  (punching f a i l u r e ) ,  (3) f l exu ia l  f a i l u r e  of tiie im.11 due t o  tiie ovezall  . 
bendin& ac t ion  of t he  s t ruc tu re  (including chearing a t  tiie base),  and (4) t o t a l  
dcst-ruction resu l t ing  i n  co l lapse  of t ne  ~ m l l  due t o  t i e  combined ac t ion  o? sc-b.ei-zi 
of t h e  previously mentioned f a i l u r e  nodes. 
ve loc i ty  and k ine t ic  energy with charge weight and diskance from t h e  w a l l  f o r  the  
spa l l ing  mode of w a l l  f a i l u r e .  
ve loc i ty  and k ine t ic  energy of t h e  punched out sec t ion  or" the  wail as a .€Unction 0;" 

donor charge weight and distance from the  w a l l .  \hen t o t a l  p ro tec t ion  is required, 
such as lor personnel o r  very spec ia l ized  equipment, ne i ther  punching nor spa l l ing  
can be to le ra ted .  Figare 17 r e l a t i n g  charge weight with scaled d is tance  indicates 
threshold conditions of non-occurrence of spallix f o r  various -fill thicknesses.  
For a given charge, spalling f a i l u r e  w i l l  genera l ly  occur at threshold scaled 
distances grea te r  than t h a t  required t o  produce punching. 
also serves as a conservative c r i t e r i o n  f o r  d e t e m i n i w  tie occurrence or non- 
occurrence of punching. 

, 

A schemt ic  representation of these  f a i l u r e  
The w a l l  can be a f fec ted  e i t h e r  by p r i r a r y  f r a w e n t s  

Primary fragments can e i the r  perfoi-ate t he  wall and cone out on the  

Spalling caused by p r ina ry  fragnents 

On the  o ther  hand perforation of the  pro tec t ive  wall by p r i m r j  frag- 

Response of the  wall t o  b l a s t  e f f ec t s  of close-in detonation m y  be expressed 
,Under tiie ac t ion  

Figure 15 i s  a p lo t  r e l a t i n g  r a c s ,  

Figure 16 i s  ,a s ini iar  p l o t  ind ica t ing  t h e  ?ass, 

This cha r t ,  t'ierei'ore, 

Tne f l exura l  mode of f a i l u r e  involves f a i l u r e  due t o  overa l l  bend iw ac t ion  
and/or shearing of t he  w a l l  at i t s  base produced by the  b l a s t  load  impinging on 
t h e  wall surface. The w a l l  bends and de f l ec t s  u n t i l  such t i n e  as t i e  e n t i r e  
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system comes t o  r e s t  a t  some permanent d i s to r t ed  pos i t i on  o r  collapse occurs a t  
an overstressed sec t ion  of t h e  wall. 
t o r t e d  pos i t ion  or f a i l u r e  w i l l  depend upon t h e  magnitude of t h e  applied load and 
the load carrying p rope r t i e s  of t he  wall such as i t s  moment and shear capacit ies.  
Figure 18 represents i nc ip i en t  conditions of f l exura l  f a i l u r e  f o r  a cant i lever  
wall. 
r e s i s t ance  requirements expressed i n  terms of moment capac i t ies  (deternined by 
concrete strength,  reinforcement and wall th ickness) .  
of constant pressure leakage ( b l a s t  leakage over and around t h e  wall) r e l a t ing  
minimum w a l l  height with donor charge weight, the  in t e r sec t ion  with a constant 
r e s i s t ance  l i n e  ind ica tes  the f l exura l  f a i l u r e  threshold condition f o r  the  w a l l .  
For  t o t a l  p ro tec t ion  t h e  w a l l  capacity must be g rea t e r  t han  that f o r  inc ip ien t  
f a i l u r e  conditions ind ica ted  on the  chart. On the  other hand, when protection 
aga ins t  explosion propagation i s  t h e  only requirement, wall collapse is to le rab le  
as long as the  secondary fragments do  not become a new source of propagation oi" 
the acceptor charge. 

The occurrence of t h e  f i n a l  permanent d i s -  

The charge weight i s  cor re la ted  with t h e  wall height f o r  various 1d.1 

For any point on the  l i n e  

The t o t a l  des t ruc t ion  mode of f a i l u r e  w i l l  now be considercd. Fi&ure 19 
is  a p l o t  f o r  determining ve loc i ty  and k ine t i c  energy which w i l l  be produced by 
the failure of a w a l l  due t o  punching, f l exura l  f a i l u r e ,  or a coabination of both 
as a f b c t i o n  of donor charge weight, f o r  various secondary fragnent masses. 
Each c h a r t  i s  f o r  a p a r t i c u l a r  mall thickness and scaled d is tance .  The mass dis -  
t r i b u t i o n  of these fragments w i l l  depend upon such f ac to r s  as charge s i ze  and 
loca t ion ,  wall configuration (height thickness, reinforcement, support conditions) 
and the  proper t ies  of t h e  concrete, while t h e  fragment ve loc i ty  will be governed 
b y  t h e  fragment mass and t h e  magnitude of t h c  impulse load ac t ing  on this  mass 
af ter  wall break-up. The proper t ies  of reinforced concrete cannot be completely 
defined due t o  i t s  non-homogeneous nature,  and therefore t h e  ve loc i ty  of the  
various fragments cannot be p rec i se ly  predicted f o r  a given condition. However, 
an estimate can be mde of t h e  average value of t h e  rrvutimum ve loc i ty  o f  any 
p a r t i c u l a r  s i z e  fragment formed upon collapse of t h e  wall. The char t  presented 
i n  Figure 19 i s  based on such estimates. 

This paper, thus ?ar, has dea l t  with standard reinforced concrete cant i lever  
walls. 
adjacent  f ixed  edges and two f r e e  edges, walls v i t h  three f ixed  edges and a f r ee  
top edge, walls f ixed  on a l l  four edges and one way spahning m i l s  r e s tmined  on 
bo th  edges. Also, i n  add i t ion  t o  the standard reinforced concrete wall, two 
o the r  types  of w a l l  cons t ruc t ion  have been considered, namely, a standard rein- 
forced concrete wall with  s t i r r u p s  added primarily t o  increase  res i s tance  t o  
punching; and 8 sandwich w a l l  (two concrete walls w i t h  sand f i l l  between them). 
Fur ther  d e t a i l s  on t h e  sandwich-type construction a r e  given i n  Appendix D. 

C h a r t s  sinilar t o  those  shown have been developed f o r  walls with two 
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Acceptor Response 

The acceptor regulates  the  tolerances f o r  which an overa l l  system is  designed. 
Here the  y i e l d  and locat ion of the donor along with the  c a p c i t y  of the  protect ive 
s t ruc ture  must be selected t o  produce a balanced system rrith respect t o  acceptor 
s e n s i t i v i t y .  
sonnel and/or valuable e q u i p e n t .  In  case of personnel and equipment, fill pro- 
t e c t i o n  w i l l  usua l ly  be required. For explosive acceptors t h e  degree of protection 
required f o r  prevention of propagation will usual ly  be l e s s  than that required 
for t o t a l  protection, and will generally,  be governed by the de tonabi l i ty  of the  
acceptor when subjected t o  (1) b l a s t  e f f e c t s  developed by detonation of the  donor 
explosive, (2) primary fragment impact, and (3) secondary fragment impact resu l t ing  
from break-up of t h e  w a l l .  Based on l imi ted  data  avai lable  from i n i t i a l  t e s t s  
conducted under one phase of tine confirmatory test program mentioned ear ly  in  t h i s  
paper, inpact of secondary fraguents appears t o  be the  nost  probable cause f o r  
detonation of the acceptor charge. 
thus far f o r  complete quant i ta t ive evaluation of  secondary fragment parameters 
(mass, veloci ty ,  shape e t c . )  and t h e i r  r e l a t i o n  t o  occurrence of detonation i n  the  
acceptor charge. As the  t e s t  program progresses,  these relat ionships  w i l l  be 
es tabl ished.  

The acceptor nay consis t  of e i t h e r  another explosive charge, per- 

No conclusive experimental data a r e  avai lable  

I n  conclusion, it i s  expected t h a t  t h e  Safety Design C r i t e r i a  progran w i l l  
r e s u l t  i n  f a r  reaching and continuing benef i t s  t o  defense agencies as well a s  
pr iva te  industry engaged i n  manufacture of explosives and high ensrgy propellants 
with respect t o  permitt ing most e f fec t ive  use of ex is t ing  explosives storage and 
manufacturing f a c i l i t i e s ,  and optimization of const ivct ion of new f a c i l i t i e s .  



B l a s t  Loads on Halls Subjected t o  Combined Free A i r a n d  -3eflected ?r?ozu:?z 
and Valis Subjected t o  Plane Vavc 

!!lien an explosion occurs near  a d iv id inc  wall such t h a t  a IZch c t x  is 
formed, p r t l y  enveloping the  i m l l  , trie s t -xc ture  i s  subjected t o  uotii :rcc a:; 
and r e f l ec t ed  pressures. 

A s  t n e  incident shock wave eirpands r a d i a l l y  Cron the  center of th-. dotonation, 
t h e  shock f ron t  will corne i n  contact vi th one or more r e f l ec t ing  surfaces.  
surfaces a r e  t i e  w a l l  i n  question and adjacent 1ne;nber.s o i  t he  stiructure (walls,  
f l oo r ,  e t c . )  
f ron t  before tine fi-ontal pressures iiave bem nragnified by the 'wave ixpinging or. 
adJaceni. ac:nbers, t h i s  sec t ion  o i  trie w a l l  I s  considered t o  be subjected t o  
a i r  pressure only. 
t h e  1m1l have been lntensiPied by the  presencc of one 01' itlor? a?,',acent i:ic:~=i?:c., 
then t h i s  seetion oi' tht. m1.i experiences rei'leczed pressures.  Tiis d e m  
between t h e  tuo  loading conditions is  de:ined by hei$lt 02' t h e  t r i n i e  - no -. 

a t  which incident shock, re:'iected s'L~ocIc, and T hch f ron t s  m e t ) ,  Crounc? Z'L '? :~ 

dis tance  (measured along tine r e f l e c t i n g  sur:ace from a point n o n a l .  t o  t 
t o  t h e  point i n  question) and tile height or' explosion above the re:lecti 
(See Figure Al) . 

T?hes.-. 

If a portion of t h e  m l l  in question is  subjected t o  t he  shock -&-:e 

On the o ther  hand, il tic 3resoures ac t ing  on a portion of 

Xien a v a l l  i s  zubjccted t o  a plan- s3ock front tyare l ing  n o i ~ a l  t o  tifie ~;,z.L?LI, 
every point on the  i';-ont sur lace of t h e  v a l l  :lay be assuned t o  ii? sub,jecte.l t . ~  
t h e  sa::ie shock ovei-pressure a t  any  pa r t i cu la r  t i n o  a?l;cr t h e  a r r i v a l  ol' tli-. iile;?; 
mve  a t  the  w a l l .  ,>erefore t h e  rei"iecieci (face-on) pressures ,  resu!.tinC ":-o;i 
t h e  shock i'ront impinsing on the i ra l i ,  will b.e unle'om over thc  entire ;.,all sur- 
:ace. 

Whether a w a l l  i s  subjected t o  a plane shock fl-ont r a y  b e  detel-izin,xI by t h e  
If t h e  height of t h e  t r i p l e  point i s  gmate.? t iha ' r?  t h e  path or the  t r i p l e  poifit. 

height of the wall, winen t h e  shock wave a r r ives  a t  t h e  xiU, tile m l L  5.:; su>;ccteci 
t o  uni rorn  pressures o r  a plane siiock wave ( F i g v x  ~ 2 ) .  



Calculation of Blast Loads Acting On Protective Walls of C u b i . T f l e  : : t - ruc-Ft  

To analyze the  e f f ec t s  of close-in detonation within a cubic1.e t n e  s t i uc tu re ,  

The r e f l ec t ion  :ac-:or, 
t h e  ac tua l  loading conditions can be app-oximated by determining t h e  rePlection 
f ac to r  ( R  ) based on t h e  pos i t ive  f r e e  a i r  impulse loading: 
is de f ine i  as the  r a t i o  of the y i e ld  of' an explosion i n  f r ee  a i r  t o  tile y i e ld  02 

loads and therefore r e l a t e s  the  magnified value or' t he  f r ee  a i r  pos i t i ve  pressure 
impulse ac t ing  on a wall, due t o  the  surrounding s t ruc ture ,  t o  t h o  t o t a l  b2yl.s.- 
of the  b l a s t  loading (pos i t i ve  pilase of both f r e e  a i r  and r e f l ec t ed  pressures) 
ac t ing  on a ~ m l l .  
(boundary conditions) and t h e  loca t ion  OF the charge i n  r e l a t ion  t o  t h e  wall and 
t h e  surrounding s t ruc tu re  must be .4nown. For cubicle type s t ruc tu res  vhere tile 
walls a r e  generally supported on tvo and/or tiiree s ides  (Figure ~ l ) ( o n e  side and 
top  open t o  the  atmosphere), t h e  re f lec t ion  f ac to r s  a r e  r e l a t ed  t o  ti,e nor 
scaled distance (ZA) between the  charge and tine w a l l  being inves t iga tzd ;  t 
scaled distances between tine center l ine  of t h e  wall i n  question and t h e  ad:acent 
w a l l  (ZB), the  r a t i o  of tine distance between the  charee and the  neares t  adjacent 
w a l l ,  
charge above the  f loo r  slab t o  t h e  height of t h e  wall (h/!I). 
t yp ica l  chart  which ind ica tes  graphically a method f o r  fie tern in in^ ref ' lection 
f ac to r s  as a function of  these parameters. 
for t h e  s ide  walls, t h e  e f f ec t s  of tie r e f l ec t ion  of t he  b l a s t  loads off t he  
w a l l  opposite t o  the  one being investigated,  have been neglected. 
fo r  r e f l ec t ion  e f f ec t s  have Seen made, an equivalent scaled d is tance  oi' tile c'hai-ge: 
from the  wall i n  question is es tab l i shed .  Pressure and i:ipulsr-. loads are thm 
determined from Figure B1 (Rcfcrence 10). 

\ an explosion near a r e f l ec t ing  surface,  each of r?hicil produce equal  t o t a l  5iI:FJlSC 

For t he  u t i l i z a t i o n  of the r e f l ec t ion  f ac to r ,  t h e  type 02 w a l l  

to the length of the  val l  i n  question (1/L) and the  r a t i o  05' t h e  lle3ci1i 02- 
Figure 1-3 i s  a 

,!,' 

I n  ca lcu la t ing  the  re f leckion  f a c t o x  

A f t e r  correc t ions  

I 



APPENDIX c 

Primary Fragment Penetration Through Concrete ‘+/all 

Some previous da ta  pe r t a in ing  t o  a problem (e f f ec t s  of bombs and p ro jec t i l e s  
s t r i k i n g  concrete s t ruc tu res )  similar t o  prima-ry fragment penetration have been 
obtained (Reference 13) .  The r e s u l t s  of t h e  study covered by t h i s  paper, which 
i s  based upon empirical and t h e o r e t i c a l  re la t ionships  cor re la tes  f a i r l y  w e i l  with 
these  data. 

Figures C1 and C 2  are based on these  relationships.  Figure C 1  r e l a t e s  t h e  
s t r i k i n g  ve loc i ty  of primary fragments (Vi) with m x k n  penetration (X,) f o r  
various fragment s i z e s  (a). Once t h e  maximum penetration of a given s i z e  fia&ment 
i s  known t h e  fragment r e s idua l  ve loc i ty  can be obtained using Figure C 2 .  This 
p l o t  co r re l a t e s  two ratios, namely, t h e  r a t i o  of t he  res idua l  ve loc i ty  t o  s t r ik ing  
ve loc i ty  (V2/Vl)  and t h e  r a t i o  of w a l l  thickness t o  n l a x i m m  penetration (T/;.G,). 
Residual ve loc i ty  i s  obtained by multiplying t h e  s t r ik ing  velocity,  by t h e  V2/V1 
r a t i o .  

I n  order f o r  a fragment t o  have a residual ve loc i ty  a f t e r  penetration thi-ough 
t h e  wall, mxinum penet ra t ion  (Xm) indica ted  on t h e  previous f igu re  must be grea te r  
than the wall thickness (T) .  
armor-piercing steel ‘having a general  hemispherical shape. 
p ie rc ing  fragments a co r rec t ion  f a c t o r  must be aoplied (e.g. cor rec t ion  f ac to r  
for mild s t e e l  is 0.70). 

The pa r t i cu la r  char t s  shovn a r e  for a fragnent of 
For other than  amor- 

I n  order t o  provide t o t a l  p ro tec t ion  f o r  personnel and valuable equipxent 
n e i t h e r  spa l l ing  nor primary fragment penetration can be to le ra ted .  
i s  a to ta l  protection char t  f o r  fragments. 
v e l o c i t y  f o r  prevention of s p a l l i n g  and/or penetration, and thickness of t h e  
concrete wall for various primary fragment masses. 

Figure C3,  
It r e l a t e s  maximu allowable s t r ik ing  
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APPEITDIX D 

Sandwich- Type Wall Construct ion 

A sandwich type wall i s  two reinforced-concrete wails separated by a 
coinpacted sand f i l l  (Figure DI.). 
type reinforced concrete w a i l  f o r  spa l l ing ,  punching and f l exura l  capacity, t h e  
w a l l  m y  b e  reduced t o  anequivalent standard-type wall by  obtaining the  attenuated 
s t r e s s  wave parameters ac t ing  on t h e  f ron t  surface of t he  outside concrete portion. 
A portion of t h i s  reduction i s  due t o  the  s t r e s s  and inpElse a t tenuat ion  as t h e  
wave passes thyough t h e  ins ide  concrete wall and sand r'i1.i sections of t i e  wall 
(reduction due t o  d is tance) .  
magnitude of  t h e  s tyess  wave as it passes i'rom one nediuii t o  another xedium of 
d i f f e ren t  density.  

Figure D2 i s  a char t  f o r  d e t e n i n a t i o n  of a t tenuat ion  o r  peal; pressure i n  
sand and concrete as a iknc t ion  of scaled concrete and sanii thicknesses.  The 
s o l i d  family of Eries r e f e r  t o  concrete, while the broken l l n e s  refer t o  sand. 
S t a r t ing  at a poin t  cori-esyonding t o  the  f ron t  facc of t ke  in s ide  concre.te wall 
a point i s  loca ted  on a s o l i d  l i n e  corresponding t o  8 given value oi" pi-essure (I?,) 
and sca led  thickness or" concrete ( T . / d 3 ) .  A ve r t i ca l  doinward reading f r o g  t h i s  
point t o  t h e  point cjn a broken l i n e  corresponding t o  a !mown value of scaled thick- 
ness of sand (Te/Xi/3) i s  then made. 
m d e  t o  determine the  a t tenuated  peak pressure at t h e  f ron t  face of t n e  outsidc 
concrete wall. 
between t h e  sand and concrctc. 

To evaluate the  u l t i x t e  c a p c i t y  of a sandwich 

Further s t r e s s  reduction is  due t o  t h e  change i n  t n e  

Fro= t h i s  point a hor izonta l  reading i s  

It should be noted t h a t  t h i s  char t  accounts fo r  coupling e f f ec t s  

A sixilar cha r t  has been developed f o r  t h e  determination of a t tenuat ion  of 
sca led  i i xp l se  per u n i t  a r ea  i n  sand and concrete. 
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DETERMINATION OF EXPLOSIVE COMPOSITION COEFFICIENT, F, 

WX- Z~~~ 

1. Conduct a series of small  scale tests in which different weights (Wx) of bare 
spherical charges of propellant X are detonated high enough from the ground so that 
ground reflections are negligible (i. e. Fc, F,, and Fr each equal 1) and peak pressuri 
(P) measurements a r e  taken a t  various distances (d) from the detonation source. Plot 
the data as indicated in Fig. (a). 

2 For lines of constant peak pressure obtain the corresponding values of d and 
W from Fig. (a). Calculate the reduced distance (d/Wx1/3) for each point. This 
should be a constant value for each pressure.  

from the Kirkwood-Brinkley relationship for bare,  spherical TNT charges detonated 
in free air (Ref 5). 

3. For each of the above pressures,  obtain the corresponding reduced distance 

4. Plot propellant X reduced distance (&) against TNT reduced distance (ZTNT) 
for each.pressure as shown in Fig. @). These points should fall along a straight 
line passing through the origin. The slope of this line equals Fe l l3 ,  o r  

Figure 3 
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SCHEMATIC REPRESENTATION OF DONOR-ACCEPTOR RELATlONSHlPS GOVERNING 
PROPAGATION BY FRAGMENT IMP#CT 

vo .'f (E')(E) /cJ- - _ _  - - - - - - - ( I ) 
Vo= iniiiat fragment velocity 
E'= explosive output constant 

ElC = explosives /casing weight ratm 

Nx= number of fmgments greater than 
mass Im)  

m = mass d fragment produced by 
donor detonation 

B = consiunt depending on donor 
explosrvs and casing material 

C = donor casing weigM 

td= donor casu19 thickness 

di = inside diameter of donor casing 

vb=  f (Kf)(tcr)(m) _-_.-- _ _  -.(3) 
"b = boundary velocity or frowent 

striking velocity of mass, m, 
below which high order detom- 
tion of the acceptor wil l not occur. 

Kf = explosive sensitivfy constant 
?a = acceptor casing thickness 

'bsf (Kf)(ta)(mmax) _ _  - - - - - -(a) min 

'bmin +minimum boundory velocity 
required for detonatcon of 
given accepbr by fragment 
from given donor, 

mmax 'f (B)(C)(td)(dl) _ _ _ _ _  _ _  - , (2a )  

mmax = mass of largest fragment produced by donor detonation. 

IF- < I: detonation by fragment impact will not occur. 
vo 

"b min 

VO 
IF -> 

'b m r  
I : possibility of detonation by fragment impact exists. 

Figure 6 
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STRII<ING VELOCITY OF A FRAGMENT AS A FUNCTION OF FRAGMENT MASS 
AND DISTANCE 

J DONOR 1 d 

d = f (kxv /v)(m) - --- - -  - - -- - - - -  - - - - (4 )  o s  
d 
k = conotant depending on fragment sue, shape, air density and 

distance from the donor charge. 

drag coefficient. 

striking velocity of fragment at a distance. d 

. 

Figure 7 
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M D A R Y  VELOCITY OF A FRAGMDJT AS A FUNCTION OF FRAGMPCT MASS 
AND ACCEPTOR SHIELDING 

"b \\ 
m 

to 3) ta2> ta I 

Figuro 8 



MINIMUM EFFECTIVE FRAGMDVT MASS AND CORRESPONDING VELOCm AS A 
FUNCTION OF DISIANCE AND SHIELDING 

vs 

"b 

Figure 9 
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PEPDBABILITY OF DETONATION OCCURRENCE AS A FUNCTION OF DISTANCE 
AND SHIELDING 

d E2’ El 
Eo - Zero probability curve 

WA = mbable number of effective hits per unit area. 
(NJ = Total number of effective fragments. 
( 9 )  = Factor governing the distribution of fragments. 
(D) = Disfance between donor and acceptor charge. 
(€1  = Probability of high order detonation. occurrence in 

(A) = Presented area of the acceptor 
the acceptor. 

Figure IO 
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VARIOUS CHARGE LOCATIONS 

FREE AIR 
(120) 

PART FREE AIR AND 
PART REFLECTED 

(12 b) 

SHOCK FRONT 

P L A N E  SHOCK WAVE 
(12c) 

Ref. 4 

Figure 12 
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PEAK PRESSURE AND SCALED IMPULSE vs 
SCALED DISTANCE 

+- PR SSURE 

1 
I 

\ 

\ 

1 j 2.5 ! 

SCALED DISTANCE ( ft/lb”3) 

Figure 81 R d .  4 
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TEST EQUIPMENT AND TECHNIOUES FOR EVALUATING 
COMPOSITE PROPELLANT PROCESSING AND HANDLING HAZARDS 

by 

V. T. Dinsdalel 

THIOKOL CHEMICAL CORPORATION 
Wasatch Division 

Brigham City, Utah 

ABSTRACT 

An essential aspect of rocket propellant manufacturing i s  the accurate evalu- 
ation of orocessing and handling hazards. To determine the hazards of propellant 
constituents, intermediate compositions, and final compositions present in composite 
solid arooellant. adequate tes t  equipment and techn:ques were required. The program 
initiated by Thiokol Chemical Corporation's Wasatch Division to develop the specialized 
test equipment and techniques necessary will be the subject of this paper. 

Hazards were evaluated for normal process conditions and for hazardous 
conditions which could result f rom equipment failure o r  operator e r r o r .  The primary 
objective of the program was to  develop equipment and techniques with procedures 
requiring minimum manpower and equipment expenditures. 

Equipment was developed to obtain hazard data for friction, impact, thermal  , 
and electrostatic sensitivity. Preliminary work was also conducted to determine the 
detonation properties of wopellants :ising small  laboratory samples. 

INTRODUCTION 

With rapid advances being made in the development of higher energy propellants, 
the demand for hazard test data for new propellant constituents, intermediate, and 
final compositions has a lso increased. These data are often required pr ior  to making 
laboratory samples larger than 10 grams because of personnel exposure during some 
handling and manufacturing operations. Lack of a means to rapidly determine this 
information with small  laboratory samples reduces operating efficiency due to  delays 
incurred while waiting for  the test data and the excessive time required t o  ma!;e the 
number of test samples. 

J 

. ISupervisor , Explosive Development Laboratory 
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Most of the effort expended during recent years  on hazard tes t  equipment 
improvement programs was on the development of precise hazard measuring equip- 
ment. The major portion of this equipment was unsatisfactory for  production-type 
testing, because the equipment is not capable of testing minimum size test samples 
in a short period of time. 

The purpose of the program, as summarized in this paper, was to improve 
existing hazard test equipment designs and test techniques to  permit more efficient 
hazard determination using minimum sample sizes. 

INVESTIGATION 

A survey was made of Thiokol Chemical Corporation Wasatch Division pro- 
pellant processing facilities to determine the type and extent of hazardous environ- 
ments that exist during normal operations or  that could exist as a result of minor 
equipment failure or operator e r ror .  This information was classified into types of 
hazardous environments and the physical state of materials that would be present in 
these processing environments, i e ,  powders, liquids, o r  solids. Hazardous 
environments given major consideration were friction, impact, thermal, electrostatic, 
and detonation. Materials currently being processed were thoroughly evaluated ; and 
with existing facility design and safety practices, these materials do not pose un- 
necessary hazards to  processing equipment or to personnel. However, during normal 
operations a certain amount of hazardous environments exist. New compositions 
which mav be more sensitive and create  a hazardous condition during processing must 
be evaluated. A l l  combustible materials, including fuel and oxidizer powders, pre- 
mixes, intermediate propellant compositions, and uncured and cured propellants, are 
evaluated with this equipment to simulate the various process conditions. 

Estimated energy levels for fri.ction, impact, and heat were obtained primarily 
by duplicating operating and minor incident conditions. A study of types of equipment 
necessary to duplicate these environments was then made to ascertain the most 
severe operating hazards present during normal operations and minor failures and 
also to  establish a hazard limit. 

A survey was then made of several propellant and explosive manufacturing 
facilities in the United States to determine availability of equipment that could be used 
to obtain the required hazard data. This equipment also was to  comply with the 
program objectives of being able to obtain this information with procedures requiring 
small test samples and minimum manpower and equipment expenditures. A summary 
of the information obtained from this survey and the resultant equipment designed 
during this program is as follows. 

h a z a r d  limit is the environment that will barely cause the test material to react. 
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Friction Testing 

A review of the friction equipment used throughout the propellant and explosive 
industry showed that there was only one satisfactory friction tes ter  design available. 
This piece of equipment was a s t r ip  friction tester designed by Allegany Ballistics 
Laboratory. However, this tes ter  would meet only part of the test requirements. 
The design was more than adequate, but Thiokol ordnance designers felt that the same 
data could be obtained with a tes te r  less  expensive to fabricate and operate. Available 
friction tes te rs  of designs that were  used for a number of years  were not considered 
satisfactory because of unrealistic friction values and difficulty of operation. 

Three basic friction t e s t e r s  were subsequently designed. The f i rs t  was a 
s lurry friction tester, which with minor changes, was converted into three separate 
tes te rs  to  duplicate a l l  friction environments and permit testing of the various types 
of materials. 
ment s imilar  t o  that shown ;n Figure 1. The applied forces are shown in Figure 2-C. 
The piston is lowered on top of the sample and into the cup pr ior  to starting the motor. 
The force is varied by adding weights to  the piston carr iage,  and the rotating speed 
is adjusted by changing pulley rat ios .  
accurate friction measuring device; however, the tester does provide an evaluation 
of the friction sensitivity of materials that might be subjected to confined friction 
environments, such as combustible materials in a mixer packing gland. 

One of the t e s t e r s  uses  a one inch diameter piston and cup arrange- 

This type of tes ter  was not considered an 

The second s lurry friction tes te r  utilized a twelve inch bowl with a spring- 
The tester and the loaded friction head that impinges against the side of the bowl. 

forces  involved are  shown in Figures  2-A and 3.  The applied force and rotation speed 
are set by changing the spring tension on the friction-head assembly and changing the 
pulley ratios. 
Teflon directional scoops. 
uncured propellant compositions a r e  the only materials tested with this device because 
the tes te r  scrapes on a vertical plane. This tester simulates friction environments 
experienced in mixing and cleanup operations. Various types of friction head and bowl 
materials can be  used to achieve the desired friction environment. The vertical 
tester was considered in addition to the horizontal scraper  because of the constant 
tes t  radius eliminating the changing force variable. 

The test mater ia l  is distributed in front of the friction head by two 
Medium-viscosity materials such as intermediate and 

The third type of s lur ry  friction tes ter  also utilized a twelve inch bowl, but 
the friction.head applies force against a bottom portion of the bowl that i s  grooved to  
contain low viscosity liquids. The friction tes ter  and the application of forces are 
shown in Figures  2-B and 4.  The force on the friction head i s  controlled by adding or  
removing weights from the top of the assembly. Friction conditions a r e  simulated for 
mixing and cleanup processes involving low-viscosity premixes and intermediate and 
uncured propellant compositions. Friction heads and bowl materials are changed to  
achieve the desired friction environment. 
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A st r ip  friction tes ter  was designed for testing fine powders and propellant, 
samples. Two thin s t r ips  of metal similar to those shown in Figure 5 a r e  used for 
each test. The s t r ip  surfaces are machine cut to eliminate surface variables. The 
tes ter  and the application of forces  a re  shown in Figures 6 and 7. 
desired force to the rol ler  compressing the s t r ips  together is accomplished by 
removal or  addition of weights on a lever. A falling weight provides the energy to 
pull the s t r ips  apart. The falling weight impinges upon a lever attached to a wheel, 
which in turn pulls one of the strips. The other s t r ip  is secured to the stand. The 
applied force and the mass  of the falling weight are varied to  obtain the desired 
friction environment. The direct impact tester was modified to  incorporate this 
device as an attachment. 
weight as the direct impact tes ter .  

Obtaining the 

The s t r ip  tester also used the same framework and drop 

This particular test not only provides a means of determining friction sensi- 
tivity of powder materials and propellant samples that i s  difficult to obtain on other 
types of friction tes te rs ,  but a lso duplicates friction environments occurring in 
processes such as scraping of a drum on a floor contaminated with oxidizer and pro- 
pellant scraps. 

A third type of friction tes ter  called, a rotary friction tes ter ,  was designed 
(Figure 8). A rotating wheel impinges upon a shoe of known surface area to produce 
the friction environment. This tes ter  is primarily used to determine friction sensi- 
tivity of viscous materials (premix and uncured propellants)., Tests  are conducted 
on cured propellants, but the setup time i s  excessive. The applied force is varied 
by adding o r  removing weights on the end of a lever attached to the friction shoe 
(Figure 9). The wheel speed is varied by a variable-speed gear box and pulley system. 
Shoe and wheel materials are changed to obtain any desired combination. 

Impact Testing 

Pr ior  to initiation of this program, Thiokol's Wasatch Division ordnance 
engineers designed an impact tes ter  based upon test and design data obtained from 
the Naval Ordnance Laboratories at Silver Spring, Maryland. Throughout the 
missile industry there  are numerous impact-tester designs, very few of which a r e  
directly comparable. Even when designs a r e  the same, sample preparation and 
tes t  techniques are different. The Thiokol tes ter  was designed to reduce a s  many of 
the tes t  variables as possible and improve on test efficiency. The design consisted 
of a piston and cup arrangement, with the piston guided into the cup as shown in 
Figures 10 and 11. Propellant samples are prepared by cutting thin slices using a 
microtome cutter (uncured samples are frozen with COz prior t o  slicing). Powdered 
samples a r e  weighed out or  measured volumetrically. A disc of sandpaper i s  placed 
face down into the sample to  increase sensitivity. To avoid excessive galling of the 
s t r iker  surface, a thin shim of s teel ,  0 . 0 0 5  inch thick, is used between the striker 
surface and the sandpaper disc. 



The second impact tester i s  called a direct impact tester (Figure 12).because 
the s t r iker  impacts directly on the sample a s  shown in  Figure 13. A small  sample 
of controlled size is placed on the anvil (Figure 14), and the anvil is inserted into the 
anvil holder and impacted by the falling weight. Thedrop height and weights a r e  
changed to obtain the desired impact environments. 

Autoignition Testing 

Autoignition tes ts  are conducted in a convective-type oven because most auto- 
ignition data a r e  required on samples too large for a Woods'metal bath arrangement. 
Depending upon whether the samples a r e  liquid or  solid the samples are suspended in 
the oven a s  shown in Figures  15 and 16. A thermocouple is suspended adjacent to 
the sample to record the sample temperature during test and to  indicate when the 
sample fires. The oven i s  designed to withstand the firing of up to  ten gram propellant 
samples and contains a blowout plug and exhaust ducting to prevent contamination of the 
surrounding areas. 

Electrostatic Testing 

Most of the electrostatic tes t  devices used by the various facilities were not 
permanent and lacked unity of design. Several of the designs used common devices 
for energy application, such as the use of a phonograph needle for one electrode,but 
the devices still varied in sample s ize ,  and sample preparation. It was decided to 
design a n  electrostatic tes te r  that would incorporate many of the better features of 
existing designs to meet program objectives. The electrostatic tes ter  and the major 
subassemblies a r e  shown in Figures  17, 18, and 19. A sketch of the sample test 
fixture is shown in Figure 20. Samples a r e  inserted into a plastic holder of a given 
hole size and then placed on a s teel  blank attached to one electrode. 
electrode i s  attached to a s teel  ball placed on top of the hole in the plastic holder. 
The ball is four times the diameter of the sample hole. 

The other 

The capacitors are charged with a NJE high voltage power supply capable of 
generating 60,000 volts. Switching i s  accomplished with a solenoid operated knife 
switch t o  eliminate switch bounce experiencedwith vacuum switches. Arrangement 
of the capacitors in  a circle  with the contacts in the center permits rapid selection 
of the desired capacitance value. 

Detonation Testing 

The most important detonation characteristic in propellant processing facilities 
is the critical diameter. If a critical diameter exists within the maximum diameter 
of material being processed, then other detonation characteristics such as minimum 

'Critical diameter is the minimum charge diameter that will sustain a detonation 
when initiated by a booster charge greater  than the minimum booster o r  equal in 
diameter to the test charge. 
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booster, deflagration-to-detonation, and projectile impact sensitivity will be 
determined. 

After reviewing other facilities, it w a s  found that very few improvements 
were made in the method of determining critical diameters, and that a l l  attempts 
to determine critical diameters of compositions with subcritical diameter samples 
were unsuccessful. 

Two approaches to determine critical diameters with subcritical diameter 
charges a r e  being investigated. The f i rs t  i s  the development of a relationship 
between the critical diameter of a material and grain reaction determinations 
extrapolated to a theoretical detonation temperature and other chemical and physical 
parameters such a s  density, temperature, and confinement. The second method i s  
a study of the detonation reactivity of subcritical diameter propellant samples when 
subjected to large booster charges. 

INTERPRETATION 

The following is  a summary of the test techniques and data interpretation for 
each of the testing devices described. 

Friction Analvsis 

One Inch Diameter Piston-to-Cup Slurry Tester--The most uniform resul ts  were 
obtained using a sample size of approximately 0.4 gram so the material would not 
be extruded out of the cup. A vertical force and rotational speed were obtained for  
which a reference uncured propellant sample would f i re  in approximately one minute. 
A f i re  is evidenced by an audible o r  visual reaction. If the cup o r  piston temperature 
r ises  above 10 degrees Fahrenheit during a tes t ,  cooling i s  provided to  maintain a 
temperature within 10 degrees of room temperature prior to the next test. Ten tests 
were run on each sample to obtain the minimum, maximum, and average f i re  times. 

A sensitivity index is established by dividing the average f i re  t ime of the test 
material by the average fire time of the reference material and multiplying by ten. 
Hazard limits are established based on the index values. 

Twelve Inch Diameter Vertical Slurrv Friction Tester--A thin film of propellant is 
spread around the periphery of the bowl the same width as the friction head. The 
sample sizes vary between 0.5 and 2 grams. On some tests  it is desirable to  put 
the test sample in front of the friction head instead of spreading it around the side 
of the bowl. The speed and force a r e  varied to  obtain a f i re  point for a reference 
material of approximately 15 seconds. A f i re  is evidenced by an audible o r  visual 
reaction. The temperature of the bowl and friction head i s  maintained to within 
10 degrees of ambient temperature prior t o  each test. One test replaceable metal 
s t r ips  are used on the friction head when conducting standard tests to determine the 
friction index. 
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The number of tes t s  conducted and the evaluation of the test data for  establish- 
ment of a friction index are the same as on the piston-and-cup tests. 

Twelve Inch Diameter Horizontal Slurry Friction Tester--The horizontal friction 
tes ter  uses  a sample s ize  of approximately 5 grams. The rotational speed and force 
settings, number of tes t s ,  and data evaluation a r e  similar to the vertical tester. 

Strip Friction Tester--The most uniform test results were achieved by placing the 
sample between the s t r ips  in front of the rol ler  pressure point. The preparation of 
the sample and uniformity of the s t r ips  must be carefully monitored to produce 
accurate tes t  results. 

A standard is tested with either beta-HMX (Cyclotetramethylenetetranitramine) 
explosives or  a propellant composition, depending upon the type of test material. The 
most useful information is obtained by determining a drop height and weight to provide 
satisfactory results with the standard. Then a l l  similar mater ia ls  a r e  tested using the 
drop weight and height, with the applied force being varied. 

A Bruceton-type analysis is followed to obtain a 50 percent f i re  point. The 
50 percent f i re  point is used t o  establish a friction index, as compared to  a reference 
material. A fire is evidenced by an audible o r  uisual reaction. 

Rotarv Friction Tester--The rotary friction tes te r  i s  used for  two types of tests. One 
tes t  is to  establish a rotary friction sensitivity index using a stainless steel shoe and 
wheel. The other i s  a comparative tes t  using varying shoe and wheel combinations 
s imilar  to  that shown in Figure 21. 

The average time-to-fire is used on the standard test t o  compute a rotary 
friction index, which is the average time-to-fire of the tes t  material divided by the 
average time-to-fire of the standard material multiplied by ten. 

On the tests using varying wheel and shoe combinations, the data a r e  evaluated 
by plotting the average time-to-fire in seconds versus the radial wheel velocity in 
feet per  second times the applied force in pounds per square inch (Figure 22). By 
this method, varying wheel and shoe sizes  are used and still compared with other tests 
using different size wheels and shoes. 

Impact Analysis 

Indirect Impact Tester--Preparation of propellant samples for  the indirect impact 
tes ter  is accomplished by slicing the propellant into 0.021 inch thick s t r ips  using a 
microtome cutter. Dried mater ia ls  a r e  sampled volumetrically. The Bruceton 
tes t  technique is used t o  obtain the 0 ,  50, and 100 percent f i re  points, with the 
50 percent f i re  point being used for  determining the impact index. Beta-HMX is 

i 
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used as a standard; and the reference material, an uncured propellant composition, 
is used to  compute the impact index. The impact index is computed simiIarly to  the rotary 
friction index, or the 50 percent f i re  point of the unknown material is divided by the 
50 percent fire point of the reference uncured propellant multiplied by ten. A typical 
test data sheet is shown in Figure 23. 

Direct Impact Tester--Because of the difficulty o r  t ime consuming efforts in  raising 
o r  lowering the weights on the direct impact tes ter ,  a Probst analysis i s  used rather 
than the Bruceton analysis. The Probst analysis involves conducting 20 tests at each 
height within the range of the 0 and 100 percent f i re  points. Small (0.009 gram) 
samples a r e  used. Propellants are sliced with a microtome cutter and punched out 
with a circular punch. An audible sound is used to determine whether o r  not the 
material fired. 

Autoignition Asalvsis 

Autoignitjon tests are conducted with the oven set a t  a constant temperature. 
A thermocouple placed adjacent to the sample records the temperature and the 
time-to-fire. The temperature i s  increased o r  decreased until the autoignition 
characteristics f o r  approximately one hour are obtained, similar to  the data shown 
in Figure 24. If a material t o  be tested has  an unknown autoignition temperature 
range, a dynatpic temperature environment test is performed on the material with 
the oven tempeyature increased over a given period of t ime until the f i re  point i s  
reached. These data are then evaluated t o  determine the temperature range to b e  
used. 

Electrostatic Analysis 

Electrostatic tests are conducted between the ranges of 100 pf to 0 . 1  I.lf 
capacitance and 100 to  60,000 volts. A 50 percent f i re  point is estimated using a 
Bruceton-type analysis by increasing o r  decreasing the voltage. A chart for  which 
voltages, capacitance, and energy levels are displayed is shown in Figure 25. The 
sensitivity of materials is compared by taking a constant energy line in  joules which 
is tangent to the tes t  data curve. This energy value is then used to  compute an 
electrostatic sensitivity index, the same as for the friction and impact tes t  data. 

U s e  of the one test replaceable plastic holders enables rapid testing and uni- 
formity of sample preparation with a minimum material required. 

Detonation Analvsis - ,- 

A t  the present time, sufficient tes ts  had not been conducted to prove the 
validity of determining critical diameters either by reaction rates  or  reactivity 
measurements with laboratory samples. 

\ 
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Tests a r e  still being conducted using a standard pipe detonation test setup 
similar t o  that shown in Figure 26. A booster having the same diameter as the test 
charge is used to ensure adequate boostering, and a charge of sufficient length is 
used to evidence the reaction. Pin gages a re  used to  record the shock velocities, and 
the signals from the gages are recorded with a coded pin mixer system to ensure 
more reliable da ta  pickup. 

CONCLUSION 

The friction, impact, autoignition, and electrostatic tes t  equipment and 
techniques developed during this  program enable rapid and inexpensive determination 
of the hazardous characteristics for  propellant constituents and compositions present 
in  propellant manufacturing and storage facilities. 

This equipment and these techniques are providing better utilization of pro- 
pellant development facilities and manpower because hazard test data are being 
obtained with less tes t  delays than was possible with previous designs and techniques. 
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Figure 1. One Inch Piston and Cup Slurry Friction Tester  
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12  INCH BOWL-VERTICAL SCRAPER 
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I 
12 INCH BOWL-HORIZONTAL SCRAPER 

Figure 2 

Application of Forces i n  Slurry F r i c t i o n  Testers 
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Figure 3.  Twelve Inch Bowl Vertical Slurry Friction Tester 
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Figure 4. Twelve Inch Bowl Horizontal Slurry Friction Tester  
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Figure 6 .  Strip Friction Tester 
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Figure 7 .  Detail of S t r i p  Friction Tester 
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Figure 15 

Autoignition T e s t  for Liquid Samples 
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Figure 16 

Autoignitj.on Test for Solid Samples 
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V 
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250 390 400 45U 415 500 525 
No fire 
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DETONABILITY . 
ESOPNO. 63-7 REV I THE S A M P L E m f D I D N O T )  DETONATE IN A 2  INCH CHARGE DIAMETER. 

NOTE: 1. A FIVE POUND DROP WEIG'fT IS USE0 IN IMPACT TESTING. 
l H E  HMX STANDARD 50% EXPLOSION WAS% INCHES. 

- 
2. SENSITIVITY COMPARED WITH STANDARD PROP_EL_LANT WITH AN ASSIGNED IMPAC-T I N D E X O F  io. .  

ANY SAMPLE WTH AN IMPACT INDEX LOWER THAN 5 IS IN THE CRITICAL RANGE AND EXTREME 
CARE OlOULD BE EXERCISED IN MANUFACTURE AND HANDLING. 
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SHOCK COUPLING, LQADING DENSITY AND THE EFTICIENCY OF 

EXPLOSIVES I N  COMMERCIAL BLASTING 

Robert .B.  Clay, Melvin A. Cook, & Vernon 0.  Cook 
Intermountain Research and Engineering Company, Inc . 

S a l t  Lake Ci ty  4,  Utah 

Fac tors  considered most important i n  t h e  b l a s t i n g  of rock a r e :  

1. The maximum a v a i l a b l e  energy A - determined by t h e  hea t  of 
explosion Q and t h e  mechanical e f f i c i e n c y ,  a f a c t o r  in t imate ly  associated 
with the  mode of appl ica t ion ,  (A-Q a t  h ighes t  gas  concent ra t ions) .  

2. The "borehole pressure" pb which i s  t h e  maximum pressure  a t t a i n e d  
i n  t h e  borehole a f t e r  passage of t h e  detonat ion wave and before  the  burden 
has  had time t o  move or  become compressed appreciably.  
dura t ion  of t h e  detonat ion wave a t  any p a r t i c u l a r  po in t  i n  the  borehole, 
t h e  f a c t  t h a t  the  explosive may not always f i l l  t h e  borehole completely 
and the f u r t h e r  f a c t  t h a t  the  burden may not a c t u a l l y  llsee" t h e  detonat ion 
pressure,  the borehole pressure i s  considered more s i g n i f i c a n t  than the 
detonat ion pressure p2 i n  borehole b las t ing)  
determined by the  explosion o r  a d i a b a t i c  pressure  p3 and t h e  loading dens i ty  
A, or  t h e  f r a c t i o n  of t h e  borehole f i l l e d  by explosive.  

(Owing t o  t h e  s h o r t  

The borehole pressure i s  

3 .  The physical  condi t ions important i n  t h e  a p p l i c a t i o n  of t h e  
explosive: 

a. The "powder factor"  (We/Wr),  o r  t h e  r a t i o  of the  weight of 
t h e  explosive t o  t h a t  of t h e  rock being b l a s t e d  expressed a s  pounds per 
ton  (more genera l ly  in pounds/cubic yard). 

b. The r e l a t i v e  impedance R, o r  t h e  r a t i o  of t h e  (e f fec t ive)  
impedance of t h e  explosive (pV), t o  t h a t  of the  rock (pV),. 

c. The "burden" o r  " l i n e  of l e a s t  res i s tance" ,  t h e  spacing 
between boreholes and t h e  geometry of t h e  borehole p a t t e r n .  

d. The physical  and chemical p r o p e r t i e s  of t h e  rock, most 
s i g n i f i c a n t  of which a r e  poss ib le  h e t e r o g e n e i t i e s ,  such a s  fau l t ing ,pre-  
f r a c t u r e ,  and g r e a t e r  than micro-scale chemical he te rogenei t ies .  

A l l  of these  f a c t o r s  need t o  be c a r e f u l l y  considered i n  t h e  most economical 
engineering of a b l a s t .  
fac tory  s c i e n t i f i c  o u t l i n e  of t h e  mechanism of b l a s t i n g  even though much 
remains t o  be learned regarding t h e  d e t a i l e d  mechanism. 
f i r s t l y  a n  o u t l i n e  of t h e  present  s t a t u s  of rock mechanics as  it p e r t a i n s  
t o  b las t ing .  
of b l a s t i n g  agents  a r e  then considered followed by a d iscuss ion  of methods 
of appl ica t ion  t o  achieve optimum explosives  performance. 

It i s  poss ib le  today t o  g ive  a r e l a t i v e l y  s a t i s -  

i 
Here i s  considered 

The f a c t o r s  per ta in ing  t o  t h e  most e f f i c i e n t  appl ica t ion  

I Rock Mechanics 

Rock mechanics i s  c u r r e n t l y  a r a p i d l y  developing sc ience  cont r ibu t ing  
g r e a t l y  t o  a b e t t e r  understanding and consequently t h e  more e f f e c t i v e  



appl ica t ion  of explosives  i n  b l a s t i n g  of Basic t o  t h e  
development of t h e  sc ience  of rock mechanics were the  advances of 
Goransen(l5) and t h e  Los Alamos and NOL groups(16-20) concerning shock 
wave phenomena and t h e  t ransmission and r e f l e c t i o n  c h a r a c t e r i s t i c s  of 
shocks a t  i n t e r f a c e s  between d i f f e r e n t  media. 
on t h i s  new knowledge as  wel l  a s  new experimental methods of s tudy 
(ul t ra-high speed s t r e a k  and framing cameras and e l e c t r o n i c  t imers)  the  
theory of f r a c t u r e  and f a i l u r e  of s o l i d s  under impulsive loading by 
shock waves developed rapidly(6,8a10a19-21). Also t h e  recent  develop- 
ment of accura te  methods f o r  measuring the  pressures  i n  high i n t e n s i t y  
shock and d f@j f ion  waves has made poss ib le  more q u a n t i t a t i v e  work i n  
t h i s  f i e l d (  

Basing cons idera t ions  

Fragmentation of hard rock by explosives occurs predominantly i n  stress 
r e l i e f  and i n  t e n s i o n  waves c rea ted  i n  yet  incompletely def ined ways 
by a b l a s t .  T e n s i l e  fragmentation may r e a l l y  be the only means of 
breaking t h e  h a r d e s t  rocks although fragmentation d i r e c t l y  by the 
compression wave may be important i n  the  s o f t e r  and lower dens i ty  rocks. 
Tension waves develop prominently by r e f l e c t i o n  o 
f r e e  surfaces .  The shock wave theory of b l a s t i n g  f l"y therefore  has  
emphasized, perhaps too s t rongly ,  the phenomenon of successive "scabbing" 
by shockwave r e f l e c t i o n s  a t  f r e e  surfaces  a s  described by Rinehart and 
Pearson(l4r l9) .  Some i n v e s t i g a t o r s  considered the  scabbing process  t o  be 
p r a c t i c a l l y  t h e  only means by which hard rocks a r e  fragmented i n  b l a s t i n g ,  
although others(7~8,11-13) described other  mechanisms of fragmentation by 
t e n s i l e  forces  some of which may prove t o  be of much g r e a t e r  importance 
than fragmentation by means of r e l e a s e  waves r e f l e c t e d  from f r e e  surfaces .  
Shock waves from a h igh  explosive separate  i n t o  the  P-waves ( longi tudina l )  
and t h e  lower v e l o c i t y  S-waves (shear) .  The l a t t e r  i s  considered t o  cause 
appreciable  r a d i a l  f r a c t ~ r e ( ~ ~ > ~ ~ , l ~ )  and possibly c l o s e - i n  s h a t t e r i n g  of 
the  rock. 
a c t u a l l y  occur i n  t h e  hardes t  rocks as seen by t h e  presence of semi- 
boreholes on a new f r e e  face  i n  c e r t a i n  good b l a s t s ,  namely those  t h a t  
produce good fragmentat ion and no "back break", i . e . ,  no gross  f r a c t u r e  
of t h e  rock on t h e  inward s i d e  of the borehole. 

K o v a ~ h e n k o v ( ~ ~ )  descr ibed an energy theory of rock fragmentation similar 
t o  t h e  model wherein rock breakage i s  a " re lease  of load" or  s t r e s s  r e l i e f  
e f f e c t  following t h e  temporary t r a n s f e r  of the  energy of t h e  b l a s t  from 
the  explosive gases  i n t o  p o t e n t i a l  energy by powerful compression under 
t h e  sustained pressure  of the  products of detonat ion and t h e  g r e a t  i n e r t i a  
of t h e  burden. 
mechanism of f ragmentat ion(l3) .  
c a r r i e s  i n t o  t h e  rock genera l ly  l e s s  than 0 .1  (sometimes l e s s  than 0.05) 
of t h e  b l a s t  energy, whereas t h e  t o t a l  energy t r a n s f e r r e d  t o  t h e  burden 
by t h e  i n i t i a l  compression of t h e  rock may be a much l a r g e r  f r a c t i o n  of 
t h e  a v a i l a b l e  energy of t h e  explosive a t  some c r i t i c a l  e a r l y  s tage  of 
t h e  b l a s t ,  e.g., t h e  i n s t a n t  t h e  i n i t i a l  shock wave reaches t h e  f r e e  
surface.  Kovazhenkov pos tu la ted  t h a t  t h e r e  w i l l  be numerous means of 
c rea t ing  the  necessary t e n s i l e  forces  f o r  fragmentation once t h e  rock 

press ion  waves a t  

The predic ted  "sha t te r  zone" near the  borehole does not  

This  i s  t h e  concept descr ibed as  the  "rock burs t ing"  
The i n i t i a l  shock wave from a de tona t ion  

i 

4 

i 



, 

t 

t 

C 

b 

has f i r s t  been excessively compressed. 
t i o n  s t r e s s  r e l i e f  may be the  source of most of t h e  fragmentation. 
The period of t h e  main over -a l l  r e l i e f  a c t u a l l y  involved i n  a b l a s t  i s  
between 5 and 10 times t h e  period between detonat ion and t h e  emergence 
of t h e  shock wave a t  t h e  f r e e  surface.  The r i s e  time of t h e  stress 
wave turns  out  t o  be appreciably g r e a t e r  i n  general  than t h e  t i m e  
required f o r  de tona t ion  of the  charge, and t h e  f a l l  of t h e  s t r e s s  wave 
i s  even longer .  The t o t a l  t i m e  t h e  main rock mass i s  under compression 
i s  severa l  times g r e a t e r  than the s t r e s s  wave r i s e  t i m e .  Moreover, a 
long-time s t r e s s  r e l i e f  f r a c t u r i n g  of rock seems t o  have been amply 
v e r i f i e d  by recent  s t u d i e s  by Obert( la)  who found' t h a t  s t r e s s e d  rock 
f r a c t u r e s  i n  proport ion t o  t h e  magnitude of t h e  s t r e s s  by simply c u t t i n g  
i t  away from t h e  source of s t r e s s .  
pressing f i n e  powder a t  very high pressures;  upon s t r e s s  r e l i e f  t h e  
specimen of ten  f r a c t u r e s  i n t o  layers  perpendicular t o  t h e  a x i s  of t h e  
d i e .  The number of such f r a c t u r e s  i s  proport ional  t o  t h e  magnitude of 
t h e  i n i t i a l  stress. Addit ional  evidence for  long time s t r e s s  r e l i e f  
fragmentation i s  the  " s t e p "  (and perhaps sometimes continuous) i n c r e a s e  
i n  the v e l o c i t y  of fragments e jec ted  from t h e  f r e e  s u r f a c e  of t h e  b l a s t  
i n  re lease  wave fragmentation discussed below. 

I n  the  shock wave theory of fragmentation t h r e e  zones of a b l a s t  a r e  
descr ibed:  1) t h e  fragmentation zone beginning a t  t h e  f r e e  s u r f a c e  
and extending ifiward t o ,  2 )  anunfragmented zone which i n  t u r n  i s  
sandwiched between t h e  fragmentation zone and, 3) a s h a t t e r  zone 
adjacent  t o  t h e  borehole. The unfragmented zone i s ,  of course ,  absent  
when t h e  burden/charge r a t i o  i s  s u f f i c i e n t l y  small. 
t o l e r a t e d  i n  commercial b las t ing . )  The energy theory of fragmentation 
does not deny t h e  r e l e a s e  wave fragmentation zone and t h e  shock wave 
s h a t t e r  zone (occurring i n  porous and s o f t  rocks) bu t  r e p l a c e s  t h e  
unfragmented zone by a r e l e a s e  of load type fragmentation zone. An 
unfragmented zone w i l l ,  of course, occur i n  b l a s t s  with excessive 
burdadcharge r a t i o s ,  bu t ,  when i t  does, r e l e a s e  wave f r a c t u r i n g  i s  
usual ly  a l s o  absent .  
shaped c r a t e r  of a spher ica l  charge, or wedge-shaped crater of a 
c y l i n d r i c a l  charge running p a r a l l e l  t o  a f r e e  face ,  which he c a l l e d  
the  e j e c t i o n  zone) a f r a c t u r e  zone associated exc lus ive ly  with shear  
type release-of- load or  s t r e s s - r e l i e f  fragmentation. Whereas t h e  
shock wave theory p r e d i c t s  t h e  conical  or  wedge type c r a t e r s ,  e l l y p t i c a l  
c r a t e r s  a c t u a l l y  occur due, according t o  Kovazhenkov, t o  t h e  f r a c t u r e  
zone i n s i d e  t h e  e j e c t i o n  zone. 

A se r ious  d i f f i c u l t y  i n  the shock wave theory i s  seen in  t h e  f r o n t a l  
fragment v e l o c i t y  measurements of Petkof ,  e t .  a l . ( l e )  taken from t h e  
f r e e  sur faces  of quarry b l a s t s .  By focusing a high speed camera on a 
given spot  on t h e  f r e e  sur face ,  they were ab le  t o  follow t h e  d is tance-  
time behavior of p a r t i c u l a r  fragments during the  b l a s t .  They observed 
"step" v e l o c i t y  curves for  these  fragments i n  which t h e  i n i t i a l  v e l o c i t y  
was sometimes only a f r a c t i o n  of t h e  u l t imate  v e l o c i t y ,  v e l o c i t y  
apparent ly  increas ing  discont inuously o r  i n  s t e p s  due t o  c o l l i s i o n  from 
behind by f a s t e r  moving fragments. The s i g n i f i c a n c e  of s tepwise 

Even a r e l a t i v e l y  long dura- 

One may demonstrate t h i s  e f f e c t  by 

(It could not  be 

Kovazhenkov added ( t o  t h e  pred ic ted  conical-. 



(sometimes f a i r l y  continuous) a c c e l e r a t i o n  of f r o n t a l  rock fragments 
i n  a b l a s t  may be b e t t e r  appreciated by a b r i e f  considerat ion of the  
s impl i f ied  mul t ip le  scabbing model of fragmentation by r e l e a s e  waves 
a t  f r e e  surfaces .  

A shock wave genera l ly  i s  considered t o  have a pressure-dis tance 
c h a r a c t e r i s t i c  i n  which t h e  pressure f a l l s  exponent ia l ly  with d i s t a n c e  
behind the shock f r o n t  following an equat ion of the  form 

-t/r P = Pme 

where pm i s  t h e  pressure  a t  t h e  shock f r o n t ,  T i s  the re laxa t ion  time 
and t the time f o r  a given c h a r a c t e r i s t i c  i n  t h e  wave t o  pass a f ixed  
poin t .  
t h i s  type: they e x h i b i t  a r e l a t i v e l y  long r i s e  time of the  order  of 
0 .1  t o  0 . 2  m sec or  more.) 
where 0; i s  a l s o  a r e l a x a t i o n  constant  and x t h e  d is tance  behind the  
wave f ront  a t  a given i n s t a n t .  
from t h e  f r e e  sur face  by r e f l e c t i o n  of a shock was a s  a re lease  wave oi 
i n t e n s i t y  g r e a t e r  than  t h e  t e n s i l e  s t r e n g t h  S t  of the  rock i s  given by 
t h e  equat ion 

(The s t r e s s  waves observed i n  b l a s t i n g  a r e  not a c t u a l l y  of 

I f  des i red ,  t / T  may be replaced by & 

The v e l o c i t y  of a fragment e jec ted  

where V t i  i s  the  f r e e  sur face  v e l o c i t y  of the  ith fragment and (pV)i 
i s  t h e  impedance of t h e  rock (p = dens i ty ;  V = v e l o c i t y ) .  
wave e n t e r s  a f r e e  f a c e  from wi th in  t h e  condensed medium with a peak 
pressure  p,, i t  has  t h e  p o t e n t i a l  of generat ing N f r a c t u r e  planes by 
successive t e n s i l e  scabbing a s  t h e  r e l e a s e  wave moves back i n t o  the  
s o l i d ,  N being given simply by 

I f  a shock 

The upper l i m i t  condi t ion  corresponds t o  no l o s s e s  i n  t h e  wave due t o  
f r i c t i o n ,  v i s c o s i t y  and h e a t i n g  of the  s o l i d  during scabbing. Owing 
t o  t h e  exponent ia l  decay form of t h e  inc ident  shock wave, which i s  
simply mirrored i n t o  t h e  tension region during r e f l e c t i o n ,  a t e n s i l e  
f a i l u r e  should occur i n  the  s o l i d  f o r  each increment of decay i n  t h e  
n e t  pressure  i n  t h e  amount Ap = St. 
m u s t  be  t h e  h ighes t  because p i  i s  g r e a t e s t  f o r  t h i s  fragment. 
b a s i s  of these  cons idera t ions  t h e  only apparent  way t o  account f o r  t h e  
s t e p  (or  continuous) a c c e l e r a t i o n  of a rock fragment scabbed of f  t h e  
f r e e  sur face  i n  t h e  shock wave theory of fragmentation is f o r  t h e  
pressure  to r i s e  d iscont inuous ly  following a decay by a t  l e a s t  the  
amount Ap = S t .  

The v e l o c i t y  of t h e  f i r s t  fragment 
On t h e  

This  would r e q u i r e ,  i n  e f f e c t ,  mul t ip le  shock waves 
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of progressively increas ing  i n t e n s i t y ,  a condi t ion which seems 
unl ike ly ,  and i n  f a c t ,  i s  not apparent i n  the  s t r a i n  wave measurements 
described by Bureau of Mines inves t iga tors .  
s t r a i n  waves observed by Atchison, Duvall, e t .  a l .  (I) showed r e l a t i v e l y  
long r i s e  time and even longer ,  more gradual  decay. 
scabs should b e  much th icker  than the observed fragments unless  there  
were t o  e x i s t  much higher  frequency wave components with pressure  
f l u c t u a t i n g  i n  magnitude by a t  l e a s t  S t .  

From t h e  magnitude of the  pljegsure a t  t h e  f r e e  face ,  
i n i t i a l  v e l o c i t y  V t  of t h e  fragments a t  t h e  f r e e  sur face  and t h e  known 
t e n s i l e  s t rength  of rock a l s o  one may show t h e  r e l a t i v e  unimportance of 
f r e e  sur face  f rac tur ing .  The observed i n i t i a l  fragment v e l o c i t i e s  a r e  
i n  t h e  range 3 t o  7 m/sec f o r  t h e  shots  s tud ied  by Petkof, e t .  a l .  
Equation (2) thus gives  about 0.2 t o  0.4 kb f o r  t h e  peak pressure  i n  the  
shock wave upon s t r i k i n g  the  f r e e  surface.  
a b l e  values  of S t  @.OS kb) one can account f o r  only 4 t o  8 successive 
scabs which i s  much too  small a value t o  account f o r  t h e  fragmentation 
observed i n  normal b l a s t s .  

As a matter of f a c t ,  the  

Therefore, t h e  

the  observed 

From equation (6) and reason- 

Massive acce lera t ion  of t h e  burden provides an explanat ion f o r  t h e  
acce lera t ion  of fragments a t  t h e  f r e e  sur face  following t h e i r  e j e c t i o n  
by r e l e a s e  wave scabbing. I n  t h e  r e l a t i v e l y  much slower s t r e s s  r e l i e f  
following a r e l a t i v e l y  long dura t ion  of sustained pressure i n  t h e  bore- 
ho le ,  the  whole burden a c c e l e r a t e s  t o  reach an u l t imate  v e l o c i t y  around 
30 m/sec, appreciably g r e a t e r  than the f r e e  sur face  v e l o c i t y  of fragments, 
e jec ted  from the  f r e e  surface.  
equat ion 

Calculat ions were made applying Newton's 

Md2r/dt2 = force  ( 4 )  

using a method of stepwise integration(").  Upper l i m i t s  were computed 
by assuming idea l ized  p e r f e c t  confinements, incompressible and s u i t a b l y  
pref rac tured  rock t o  permit uniform acce lera t ion  under a hypothet ical  
hemi-cyl indrical  expansion of t h e  products of detonat ion p e r f e c t l y  
confined wi th in  the  rock mass. Velocity-time V(t) curves for  t h e  burden 
were p l o t t e d  along with pressure-time p( t )  curves f o r  t h e  products of 
de tona t ion  and t h e  maximum a v a i l a b l e  energy-time A ( t )  curves f o r  t h e  
energy t r a n s f e r r e d  from t h e  hot  gases t o  t h e  burden. Comparison of 
these 'veloci ty- t ime curves with those observed by Petkof et. a l .  shows 
an i n t e r e s t i n g  c o r r e l a t i o n  f o r  times following detonat ion of t h e  order of 
20 t o  50 m sec and g r e a t e r .  
order-of-magnitude agreement, let u s  consider  more c a r e f u l l y  t h e  ac tua l  
condi t ions t h a t  may e x i s t  i n  t h e  rock and borehole a t  var ious  s t a g e s  of 
the b l a s t  beginning with the  i n s t a n t  to t h e  i n i t i a l  shock wave reaches 
t h e  f r e e  surface.  The pm(r) r e l a t i o n s h i p s  t h a t  should e x i s t  a t  t h i s  
i n s t a n t  and a t  var ious  times t h e r e a f t e r  are i l l u s t r a t e d  i n  Figure 1, 
based on an a p p l i c a t i o n  t o  t h e  case  o f  hemicyl indrical  symmetry and a 
n e g l i g i b l e  detonat ion t i m e  a long t h e  depth i n t e r v a l  under considerat ion.  
Even a f t e r  taking i n t o  account t h e  compress ib i l i ty  of the  burden t h e  ' 

To account f o r  t h i s  seemingly f o r t u i t o u s  
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pressure i n  the  expanding borehole should s t i l l  be an appreciable  
f r a c t i o n  (evident ly  about a qua r t e r )  of t h e  borehole p r e s s u r e  a t  
t h e  time to. One may t h e r e f o r e  expect a p re s su re  of about 25 kb 
(using the  h ighes t  p re s su re  explosives) f o r  t he  gases i n  t h e  bore- 
ho le  a t  t h i s  s t age  based on an upper l i m i t  borehole p re s su re  pb 
of about 100 kb. The assumption of an expuaent ia l  decay i n  pressure 
with d i s t ance  p e r m i t s  one t o  draw a s t r a i g h t  l i n e  between the  two 
po in t s  p: a n d h ( r o )  i n  l o g  p v s  r p lo t s .  

Following the  i n i t i a l  emergence of t he  shock wave t h e  r e l e a s e  wave moves 
back i n t o  the  rock mass a t  a ve loc i ty  comparable t o  t h a t  i n  t h e  i n i t i a l  
shock wave. Shocks and r e l e a s e  waves thus have t i m e  t o  rebound enough 
times i n  say 20 m sec e f f e c t i v e l y  t o  smooth out pressure and v e l o c i t y  
g rad ien t s  i n  the  rock. Therefore,  assuming t h a t  t he  energy a s soc ia t ed  
with fragmentation i s ,  f o r  example, h a l f  of t he  t o t a l  b l a s t  energy, a t  
about 30 m sec a f t e r  detonat ion the  v e l o c i t y  of t he  whole burden would 
be about 0.7 of t h a t  computed by equation ( 4 )  f o r  t h e  i d e a l i z e d  condi- 
t i o n s  the re  mentioned. Since h a l f  of t he  b l a s t  energy i s  probably a 
f a i r  r ep resen ta t ion  t o  t h a t  going u l t ima te ly  i n t o  fragmentation and 
su r face  tension i n  t h e  rock, one thus accounts approximately f o r  t he  
observed acce le ra t ion .  

Explosives Performance 

a .  Shock Coupling 

According t o  t h e  theory of “impedance mismatch”, t h e  i n i t i a l  p re s su re  p z  
i n  t h e  rock next  t o  t h e  borehole i s  r e l a t e d  t o  t h e  detonat ion pressure 
p2 f o r  a loading d e n s i t y  A of u n i t y  by t h e  r e l a t i o n s h i p  

where 

Measurements of t h e  s t r a i n  energy-distance r e l a t i o n s h i p s  i n  rock were 
shown(lb-d) t o  fol low t h e  r e l a t i o n s h i p  

where K i s  a cons t an t  considered t o  be approximately d i r e c t l y  proport ional  
t o  p$ and CX i s  a cons t an t  independent of t h e  explosive but dependent on 
t h e  na tu re  of t he  rock being blasted.  Thus K should be a funct ion of t he  
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detonat ion pressure p2 and t h e  impedance r a t i o  R. 
funct ion of t h e  hea t  of explosion s ince the  weight f a c t o r  W alone 
does not account completely for  the  extensive property of  the  explosive.  
One must expect a l s o  t h a t  a: i s  a function of the ava i lab le  energy A or  
hea t  of explosion Q because explosives d i f f e r  sometimes appreciably i n  
ava i lab le  energy. 
the  TNT-equivalent weight ra ther  than the  ac tua l  weight.) T h e o r e t i c a l l y ,  
one may express these  parameters by the  funct ions 

( I t  i s  also a 

This  d i f f i c u l t y  may be avoided i f  W i s  taken t o  be 

K and a: a r e ,  of course,  d i f f e r e n t  f o r  each type of rock. I f  on the  o t h e r  
hand, one uses t h e  concept of borehole pressure pb ins tead  of de tona t ion  
pressure p2 f o r  cases  i n  which the explosive does not completely f i l l  t h e  
borehole, i . e . ,  A <  1.0, equation (8) may be wr i t ten  i n  the  form 

Atchison and Duvallc3) attempted t o  modify equation (5) based on r e s u l t s  
with four explosives  using measured detonat ion v e l o c i t i e s  t o  compute R 
and p2. They suggested t h e  following modified impedance mismatch equat ion 

p$/p2 = (li-N)/(l+NR) (10) 

They proposed the va lue  N = 5 based on r e s u l t s  with these four d i f f e r e n t  
explosives. Since two of these  explosives were non-ideal t h e i r  detonat ion 
v e l o c i t i e s  i n  the  borehole should not be t h e  same as  the  measure (unconfined) 
v e l o c i t i e s .  Therefore  t h e  b a s i s  f o r  equation (10) seems ques t ionable  i n  
addi t ion  t o  u n c e r t a i n t i e s  i n  the meaning of R(p2). 
concerned with t h e  a p p l i c a t i o n  of c y l i n d r i c a l  charges. I n  case t h e  
explosive does not completely f i l l  the  borehole, t h e r e  i s  a s e r i o u s  
ambiguity i n  t h e  use of t h e  detonat ion pressure p2 a s  being t r u l y  
representa t ive  of thepressure  rpplied t o  the  rock and condi t ions  c o n t r i -  
but ing t o  t h e  impedance r a t i o  R. 
borehole completely, t h e r e  i s  no assurance t h a t  the  de tona t ion  wave w i l l  
extend a l l  t h e  way t o  the  rock-explosive i n t e r f a c e  owing to  an observed 
"edge e f f e c t "  which does not always disappear even under s t rong  confine-  
ment, espec ia l ly  i n  t h e  most non-idezl explosives. Moreover, t h e  
detonat ion pressure p2 i s  very shor t  i n  durat ion or  t r a n s i e n t ;  t h e  
borehole pressure pb e x i s t s  unattenuated f o r  a much longer time. 

One i s ,  i n  genera l ,  

Even when the  explosive f i l l s  t h e  
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(This i s  based on an assumed n e g l i g i b l e  compress ib i l i ty  of t h e  rock; 
when compress ib i l i ty  i s  taken i n t o  account, the  borehole pressure i s  
found a l s o  t o  be r e l a t i v e l y  t r a n s i e n t  i n  favor of a s t i l l  lower, more 
sustained pressure. )  The ( i d e a l )  borehole pressure i s  i d e n t i c a l l y  the 
a d i a b a t i c  or explosion pressure  p3 a t  A = 1.0,  b u t  a t  lower loading 
d e n s i t i e s  i t  i s  r e l a t e d  to p3 by a r e l a t i o n  of t h e  form 

. 
where n i s  a cons tan t  between 2.0 and 3.0(20) .  
given (neglect ing ambient pressure)  by t h e  r e l a t i o n  

Detonation pressure i s  

where D i s  t h e  de tona t ion  v e l o c i t y ,  W i s  t h e  p a r t i c l e  v e l o c i t y  and p1 
i s  t h e  i n i t i a l  d e n s i t y  of t h e  explosive.  
p2 = Zp3 and W I D  = 0.25, t h e  impedance of t h e  explosive i n  terms of t h e  
explosion pressure f o r  impulse t r a n s f e r  through t h e  end of a detonat ing 
charge becomes approximately 

Using t h e  (good) approximations 

The e f f e c t i v e  borehole impedance should more properly b e  r e l a t e d ,  not 
t o  pq o r  p3, but t o  t h e  a c t u a l  pressure  which the  borehole experiences,  
namely Ph. Therefore ,  i n  t h e  genera l  case  borehole impedance- should be 
given by-the r e l a t i o n s h i p  

The r e l a t i v e  borehole impedance should, t h e r e f o r e ,  be given approximately 
by t h e  r e l a t i o n  

f o r  (pV), i n  g/cc - km/sec, pb i n  kb and p1 i n  g/cc. 
p ressure  p: i n  t h e  rock i s  then given by 

The i n i t i a l  peak 
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The (shock) coupling uld t h e r e f o r e  be r e l a t e d  t o  A, or  t h e  
"decoupling" f a c t o r  Af" def ined by Atchisonc5), by t h e  r e l a t i o n s h i p  

where R(l) and pz a r e  values  of t h e  r e l a t i v e  impedance and i n i t i a l  
peak pressure  i n  t h e  rock a t  A = 1.0. 
f o r  R(1)  << 1.0 "decoupling" should vary  a s  A2*5; f o r  R = 1.0 it 
should vary as  2 ~ ~ * 5 4 ( l + ~ ~ . ~ ~ )  and f o r  R >> 1.0 i t  should be given 
approximately by A2* R(l)/ 1 + ~ ( l ) d . 7 5  Based on upper and 
lower l i m i t s  of R, one thus expects  & t o  vary  wi th in  the  l i m i t s  
and A2.5 f o r  values  of A not too f a r  below uni ty .  

S tudies  of decoupling i n  limestone by A t ~ h i s o n ( ~ )  showed i t  t o  vary about 
as AO-75 and comparable r e s u l t s  were obtained i n  g r a n i t e  by Atchison and 
Duvall(3j. On t h e  o ther  hand condi t ions  emplo ed i n  t h e s e  i n v e s t i g a t i o n s  
were such t h a t  r e s u l t s  should have v a r i e d  as A3-w because Rl, < 0.5 i n  a l l  
cases  considered by them. 

Taking n = 2.5 one f i n d s  t h a t  

b. Energy Coupling 

I n  t h e  theory of energy coupling t h e  impedance mismatch equat ion i s  not 
appl icable ;  i f  one neglec ts  compress ib i l i ty ,  t h e  borehole pressure  pb 
w i l l  be t h e  a c t u a l  pressure  appl ied  on t h e  inner  (borehole) boundary a t  
a l l  s tages  p r i o r  t o  emergence of t h e  shock wave i n t o  t h e  f r e e  sur face  of 
a properly loaded b l a s t .  
t h e  rock. I n  t h e  i d e a l i z e d  case ,  t h e r e f o r e ,  t h e  energy theory p r e d i c t s  
t h a t  t h e  ( e f f e c t i v e )  decoupling should vary  a l s o  approximately a s  A2.5. 
The observed decoupling f a c t o r  may, however, be accounted f o r  in 
t h e  energy theory by tak ing  i n t o  account rock compress ib i l i ty .  

The s t r a i n  energy dens i ty  E i n  t h e  compression of rock i s  approximately 
pp2/2, where B i s  t h e  average compress ib i l i ty  a t  p ressure  p. 
a pressure d i s t r i b u t i o n  func t ion  for  rock compression i n  c y l i n d r i c a l  
expansion of t h e  compression wave i n  a long borehole t o  be given by t h e  
equat ion 

This  w i l l  then be t h e  i n i t i a l  p ressure  pg i n  

- 
L e t  us assume 

o -a(t).x 
Pm Pme 

, 
where x = r/ro and ro = V r t o .  The cons tan t  a i s  given by t h e  equation 

The t o t a l  energy of compression i s  t h e n , o b t a i n e d  by i n t e g r a t i n g  over t h e  
whole volume of t h e  rock under compression giving 
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% = p: 2- $aro.L/8a2 2 

The maximum ava i l ab le  energy l e  y of an explosive a t  i t s  maximum 
d e n s i t y  i s  approximately 
and p1 = 1.5 g/cc one ob ta ins ,  using equation (18) and t h i s  approximation 
f o r  A,  t h e  r e s u l t  

p,?''f. Therefore,  f o r  a charge of i? = 1.0 

f o r  the  r a t i o  of t h e  burden t o  the  borehole rad ius .  

A t  ro i t  has been observed t h a t  pb/pm(ro)-500 f o r  b l a s t s  employing an 
explosive of dens i ty  around p1 = 1 .5  g /cc ,  and borehole pressure pb 
(A = 1.0) corresponding t o  t h e  b e s t  modern b l a s t i n g  agents.  Since Q may 
b e  known as a func t ion  of pg from the theory of t h e  maximum a v a i l a b l e  work 
funct ion A (cf. Figure 11 .6 ,  r e f .  20) one may the re fo re  use i t  t o  ob ta in ,  
v i a  equation (20), t h e  r a t i o  pg/pb. For %/AWe-0.5, fo r  example, 
p$ - 0.25 pb a s  seen i n  t h e  above reference.  
roughly r o / r b  = 25 l o g  pb/4p(ro). 
r o / r b  = 50. This agrees  e s s e n t i a l l y  with the  observed d i s t ance  t o  t h e  
f r e e  su r face  of a p rope r ly  loaded b l a s t .  
t h e  p(r)  r e l a t i o n s  dep ic t ed  i n  Figure 1 and shows t h a t  a l a rge  po r t ion  of 
the  energy of t h e  b l a s t  i s ,  indeed, s tored temporarily a s  compression 
energy i n  the rock a t  t h e  i n s t a n t  t h a t  fragmentation begins a t  t h e  f r e e  
surface.  Of course,  h a l f  of t h i s  energy then i s  i n  t h e  region back of t he  
borehole,  but in t h e  subsequent stress r e l i e f  t h i s  energy i s  p a r t i a l l y ,  
a t  l e a s t ,  t r ans fe r r ed  t o  t h e  o the r  h a l f  of t he  b l a s t  t o  assist  in f u r t h e r  
stress r e l i e f  fragmentation. 

The above considerat ions apply i n  the case  of an i d e a l l y  loaded b l a s t .  
Let  u s  now consider cond i t ions  e x i s t i n g  (a) i n  an underloaded b l a s t  
(excessively low We/Wr) and (b) i n  an overloaded b l a s t  (excessively high 
We/Wr). In considering poorly loaded b l a s t s ,  no te  t h a t  a(to) w i l l  not  be 
changed i f  a l l  condi t ions a r e  the  same except t h a t  t h e  burden has  been 
increased (a) or decreased (b). However, pm a t  t h e  f r e e  surface w i l l  be 
d i f f e r e n t  i n  each case.  

Le t  us consider the case  i n  which a l l  condi t ions of a b l a s t  a r e  the  same 
as those depicted i n  Figure 1 except t h a t  t h e  burden i s  20 percent g r e a t e r  
(rA.= 1 . 2  ro). A t  the t i m e  to a f t e r  t he  b l a s t ,  t he re fo re ,  t he  rock i n  the  
region between t h e  borehole and t h e  d i s t ance  ro w i l l  be under i d e n t i c a l l y  
the  same pressure a s  i n  the case  i n  which the  f r e e  surface i s  encountered 
a t  ro (dotted l i n e ,  F igu re  2).  Since no f r e e  surface i s  encountered a t  
t h i s  s t age  there  i s  no fragmentation except i n  t h e  borehole f r a c t u r e  zone. 
In s t ead ,  t he  compression wave must cont inue on t h e  add i t iona l  time t0 /5  
before  fragmentation can commence. When i t  reaches the  f r e e  su r face  
t h e r e  has  been considerable  a t t enua t ion  of compression throughout the  

100 kb 

Then equation (20) becomes 
Taking pb/4pm(ro) = 100 one then f i n d s  

I t  t h u s  j u s t i f i e s  q u a l i t a t i v e l y  

i 

1 
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burden. 
have dropped below t h a t  required t o  produce r e l e a s e  wave fragmentation. 
S t r e s s  r e l i e f  then occurs much more gradual ly  so t h a t  fragmentation i n  
t h e  s t r e s s - r e l i e f  zone becomes much l e s s  extensive.  This  type of shot  
produces excessive back break owing t o  s t r e s s  r e l i e f  then tending t o  
become symmetrical around t h e  borehole, and fragmentation i s  poor. 

Conditions w i l l  be opposi te  i n  case (b). 
f o r  t h e  case i n  which again a l l  condi t ions a r e  i d e n t i c a l  with those i n  
Figure 1 except t h a t  t h e  burden i s  now 20 p e r c e n t , t o o  small. 
sur face  fragmentation then begins a t  t g  = 0.8 to a t  which p o i n t  t h e  
pressure pm(rg) i s  considerably higher .  
wave f r a c t u r i n g  and i n  e j e c t i o n  of rock a t  much higher  v e l o c i t y ;  t h e  
burden experiences excessive "throw". 
t i o n  becomes excessive a t  r: = 0.8 ro owing t o  more sudden r e l e a s e  from 
higher  pressures .  

Consider now the  case of a b l a s t  i n  which a l l  condi t ions a r e  t h e  same 
except t h a t  A = 0.75 and, therefore ,  pb-0.4 p3. That i s ,  t h e  "powder 
fac tor"  and t h e  "burden" a r e  the  same as  i n  Figure 1, but t h e  borehole  
i s  a t h i r d  g r e a t e r  i n  volume than i n  t h e  b l a s t  depicted i n  Figure 1. 
The r e s u l t  of the  b l a s t  i s  almost t h e  same a s  t h a t  depicted i n  Figure 2. 
That i s ,  decoupling t o  t h e  ex ten t  A = 0.75 has near ly  the  same e f f e c t  on 
fragmentation as  increas ing  t h e  burden about 20 percent. This  s i t u a t i o n  
i s  depicted i n  Figure 4. 

The above i l l u s t r a t e s  t h e  theory q u a l i t a t i v e l y ;  i n  a q u a n t i t a t i v e  
appl ica t ion  t h e r e  a r e  t h r e e  unknowns i n  equation (20) ,  namely %(t), 
pg(to) and h(ro)  which m u s t  be defined. 
t h e  theory of t h e  maximum a v a i l a b l e  energy A because i n  r e v e r s i b l e  
expansion, A i s  a s ingle-valued funct ion of the  s p e c i f i c  volume v of the  
gaseous products of detonat ion.  Any l o s s  of energy from t h e  gases  t o  
the  burden i s  assoc ia ted  with an increase  i n  the  s p e c i f i c  volume Av(t) 
of t h e  gases i n  t h e  borehole. 
by t h e  method given i n  r e f .  20, p. 267. (The r a t i o  Q/W& i n  equat ion 
(20) i s  i d e n t i c a l l y  A(t)/A, where A(t) i s  the  workdone on t h e  burden 
per u n i t  weight of explosive during the  time t and A is  t h e  u l t imate  
work per u n i t  weight of explosive over the  whole per iod t h a t  t h e  gases  

Moreover, t h e  amplitude of the wave when i t  reaches r; may 

Figure 3 depic t s  condi t ions  

Free  

This r e s u l t s  i n  g r e a t e r  r e l e a s e  

The s t r e s s - r e l i e f  zone fragmenta- 

They a r e  i n t e r r e l a t e d  through 

By knowing Av(t) one may then compute A( t )  

a r e  ab le  t o  do wock on the-burden.)  One 
Avb(to), t h e  increase  i n  s p e c i f i c  volume 
may be obtained from t h e  equat ion 

giving 

i s  thus pr imar i ly  i n t e r e s t e d  i n  
of the  borehole a t  to. This  

'b pm 
= 2nrpdpdr 

Av(to) = 2rrz Lspz/Wea2 

where minus t h e  t o t a l  i n c r e a s e  i n  volume of the  borehole a t  t i m e  to has 
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been equated to the  t o t a l  decrease i n  volume of t h e  rock due t o  compres- 
s i o n  a t  t h i s  p a r t i c u l a r  s t age  of t h e  b l a s t .  

Since pg may b e  der ived from pb and vb(t) once A(t) i s  known t h e  only 
remaining unknown i n  equat ion (20) i s  pm(ro). 
b l a s t  pm(ro) must be l a r g e  enough t o  permit fragmentation t o  begin a t  
t h e  f r e e  sur face ,  i . e . ,  i t  must be seve ra l  times g rea t e r  than St. From 
t h e  Bureau of Mines s t u d i e s  pm(ro) f o r  a good b l a s t  i s  NiSt where Ni-4. 
For example, for g r a n i t e  pm(ro)-0.25 kb and S t  = 0.075 kb. I f  a bore- 
h o l e  i n  g r a n i t e  i s  loaded w i t h  an explosive of pb = 100 kb  one then f inds ,  
by ar. i t e r a t i v e  simultaneous s o l u t i o n  of equations (20) and (Zl), t h a t  
p:-25 kb and p:/p(ro) = ea-100, g iv ing  a-4.6.  Therefore  hb ( to ) /vb -3 ;  
t h e  borehole apparent ly  has  increased i n  diameter by approximately a f a c t o r  
of 2.0 (Figure 5) a t  t h e  i n s t a n t  (to) t h a t  t h e  shock wave reaches the  f r e e  
su r face  i n  a properly loaded shot  i n  g r a n i t e  using an explosive with 
pb = 100 kb. 

In applying the  s t r e s s - r e l i e f  theory he re  ou t l ined  t o  var ious types of 
rock t o  b e  blasted with d i f f e r e n t  explosives  one should f i r s t  determine 
more accu ra t e ly  the  r a t i o  pm(ro)/St f o r  b e s t  r e s u l t s .  
r a t i o s  p t /p ( ro )  = ea and A ( t o ) / A ,  and AVb(to) may be obtained with good 
accuracy by a n  i t e r a t i v e  procedure. This  should permit one t o  p red ic t  
optimum loading r a t i o s  We/Wr f o r  the va r ious  combinations of rock and 
explosive.  
theory t o  provide more r e l i a b l e  d a t a  on p(ro)/St and p f o r  var ious rocks 
and on pb, A and pg f o r  va r ious  explosives.  

For a properly loaded 

Then &, t h e  

It w i l l  t hus  be necessary i n  t h e  f u r t h e r  development of t he  

c. Explosives 

The parameters of equat ion (17) have a complex dependency; they depend 
u l t i m a t e l y  not only on the  burden, spacing, borehole diameter and depth 
and t h e  p rope r t i e s  of t h e  rock,  but  a l s o  on loading d e n s i t y  A and the  
explosive dens i ty  p1 (or pressure)  and A. To emphasize t h e  pa r t  played 
by t h e  explosive le t  us  express  &(t) and a ( t )  i n  t h e  form 

' I  

' I  

where n-2.5,  m-l/3, f and g are funct ions of t h e  physical  and chemical 
p r o p e r t i e s  of the rock ,E&, and on t h e  geometrical  f a c t o r s  X (burden, 
spacing and borehole diameter and depth).  Thus, maintaining f and g 
cons t an t  p t  i s  found t o  v a r y  e s s e n t i a l l y  as (~1 .a )~  and a as  A - l / 3 ,  
which are the  important f a c t o r s  pe r t a in ing  t o  t h e  explosive i r r e s p e c t i v e  
o f  whether one accep t s  t h e  shock wave theory,  the  energy theory o r  both. 
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" p r i l l s  and o i l "  ( t h e  94/6 p r i l l e d  
commercial explosives  comprised 

P r i o r  t o  t h e  advent i n  19 
ammonium n i t r a t e / f u e l  o i l  
p r i n c i p a l l y  dynamites (based on n i t r o g l y c e r i n )  and t h e  NCN ("n i t ro-  
carbo-ni t ra te")  explosives  comprising e s s e n t i a l l y  fue l - sens i t ized  
ammonium n i t r a t e .  
0.6 t o  1.4 g/cc,  b u t  owing t o  t h e i r  a p p l i c a t i o n  i n  c a r t r i d g e  form A 
was genera l ly  appreciably below 1.0. 
product much above t h a t  f o r  p r i l l s  and o i l  i n  which p i  is only 6.85 
g /cc ,  but A is  genera l ly  1 .0 ;  it i s  genera l ly  used i n  bulk form such 
t h a t  it always f i l l s  t h e  borehole completely. A/Ao f o r  p r i l l s  and o i l  
is  c l o s e  t o  u n i t y  and therefore  a l s o  about t h e  same a s  f o r  an average 
commercial explosive,  A, being t h e  maximum a v a i l a b l e  energy of TNT o r  
t h e  "TNT equivalent". I n  r e t r o s p e c t  it i s  thus understandable t h a t  
p r i l l s  and o i l ,  genera l ly  previously regarded by explosives  technologis t s  
as  an i n f e r i o r  b l a s t i n g  agent ,  has a c t u a l l y  performed f a r  above expecta- 
t ions .  Owing t o  i t s  low c o s t ,  roughly only a q u a r t e r  t h a t  of an equal 
(weight) s t rength  dynamite, and the g r e a t  importance of A on performance, 
p r i l l s  and o i l  has  replaced wel l  over h a l f  of t h e  dynamites and NCN 
explosives  previously comprising the commercial market i n  America. 

Shor t ly  a f t e r  t h e  discovery of p r i l l s  and o i l  t h e  "s lurry" explosives  
were discovered by Cook and Farnam(13~25s26). 
thickened o r  g e l a t i n i z e d  aqueous ammonium n i t r a t e  s o l u t i o n s ;  they d i f f e r  
i n  type depending on the  s e n s i t i z e r  employed i n  them, types being: 

The average dens i ty  i n  these  products  ranged from 

Thus seldom was t h e i r  n'p 

S l u r r i e s  are based on 

a) 

b) Smokeless powder s l u r r i e s  

c) The NCN s l u r r i e s  i n  which t h e  s e n s i t i z e r  i s  a non- 

Coarse TNT and TNT-aluminum s l u r r i e s  

explosive "fuel", e .g . ,  aluminum, emulsif ied f u e l  
o i l ,  e tc .  

S l u r r i e s  a r e  charac te r ized  by t h e i r  high d e n s i t y  and f l u i d i t y  which makes 
it r e l a t i v e l y  easy f o r  them t o  a t t a i n  A = 1.0  i n  t h e  borehole. 
product i s  thus  genera l ly  1 .5  t o  2 . 5  times g r e a t e r  f o r  s l u r r y  than f o r  
p r i l l s  and o i l .  
those with t h e  h ighes t  aluminum contents  developing borehole pressures  
about f i v e  times g r e a t e r  and A/Ao values  up t o  1.5 times g r e a t e r  than 
f o r  p r i l l s  and o i l .  

On an equal s t rength  b a s i s  t h e  c o s t  of s l u r r i e s  averages a b o u t  h a l f  t o  
two-thirds t h a t  of t h e  older  commercial explosives  and about twice t o  
t h r e e  times t h a t  of p r i l l s  and o i l .  

By v i r t u e  of t h e  much higher  p1.A of s l u r r y  compared with p r i l l s  and o i l  
and the  older  commercial explosives ,  and e x c e l l e n t  new methods f o r  

The A'p1 

The A/Ao r a t i o s  of s l u r r i e s  range from 0.85 t o  1.5, 
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economic, rapid and s a f e  loading of them a t  A = 1.0 they represent  a 
major advance i n  t h e  commercial explosives  f i e l d  and should not only 
rep lace  dynamites and o t h e r  explosives  i n  wet ho le  and underwater 
b l a s t i n g  where p r i l l s  and o i l  i s  inappl icable ,  but  may even rep lace  
much of t h e  p r i l l s  and o i l  i n  dry  hole  b las t ing .  
being produced i n  q u a n t i t i e s  exceeding LO8 pounds per year i n  the  U . S . A . ,  
Canada and fore ign  c o u n t r i e s .  

Novel Loading Method 

U n t i l  r e c e n t l y  t h e  importance of A-Q was n o t  f u l l y  apprec ia ted ,  
opera tors  f requent ly  us ing  l a r g e r  and l a r g e r  boreholes t o  o b t a i n  t h e i r  
necessary high powder f a c t o r s  r a t h e r  than taking f u l l  advantage of b e s t  
methods f o r  maximizing & p l .  With t h e  cur ren t  much b e t t e r  apprec ia t ion  
of coupling and h igh  borehole  pressures  many a r e  turning t o  the  s l u r r y  
explosives  t o  achieve h i g h  powder f a c t o r s  i n  b l a s t s  of high burdens 
without  having t o  i n c r e a s e  borehole  diameters. I n  f a c t ,  some a r e  even 
now contemplating reduct ion  i n  borehole diameters. 
r e s u l t i n g  from t h i s  more s c i e n t i f i c  a p p l i c a t i o n  of  explosives  a r e  not 
only reduced explosives  and d r i l l i n g  c o s t s ,  but  a l s o  reduced shovel ,  
crushing and gr inding  c o s t s ,  and sometimes a l s o  l a r g e  increases  i n  t h e  
r a t e s  of production. 

Successful  bulk loading u n i t s  and f i e l d  mixing methods fo r  p r i l l s  and o i l  
developed rap id ly  a f t e r  i t s  in t roduct ion( l3 ,27) .  
considerable  research  w a s  requi red  f o r  the development of bu lk  handl ing 
methods f o r  s l u r r i e s ;  f i e l d  mixing and loading proved much more d i f f i c u l t  
with s l u r r i e s  because 1) s l u r r i e s  with s u i t a b l e  p r o p e r t i e s  (water r e s i s -  
tance,  p l a s t i c i t y  and h i g h  dens i ty)  requi re  much more accura te  cont ro l  
i n  t h e i r  formulation, and 2) they a r e  usua l ly  appl ied  under more d i f f i c u l t  
condi t ions,  e.g., i n  w a t e r - f i l l e d  holes .  Af te r  severa l  years  of research  
an exce l len t  new p r i n c i p l e  of  handl ing s l u r r i e s  was r e c e n t l y  introduced 
by IRECO having g r e a t  p o t e n t i a l  f o r  r a p i d  development and ex tens ive  
a p p l i c a t i o n  e s p e c i a l l y  i n  the l a r g e  operat ions.  
mixing and loading method c a l l e d  t h e  "pump truck'' method. 
u n i t s  were introduced e a r l y  i n  1963 simultaneously a t  t he  Kaiser  S t e e l  
Corporat ion 's  Eagle Mountain Mine i n  Cal i forn ia ,  a t  t he  I r o n  Ore Company 
of Canada's Nob Lake and Carro l  Lake Mines i n  Northern Quebec and on t h e  
Northern Minnesota and upper Michigan i r o n  ranges. 

A photograph of a u n i t  now i n  r o u t i n e  opera t ion  i s  shown i n  Figure 6. 
The pump truck method u t i l i z e s  a h o t ,  precondi t ioned,  aqueous s o l u t i o n  
of ammonium and sodium n i t r a t e  w i t h  o ther  addi t ives ,  e .g . ,  one f o r  pre-  
vent ion  of thealuminurn-water r e a c t i o n ,  and another f o r  promoting rap id  
s l u r r y  g e l a t i n i z a t i o n .  S o l i d  i n g r e d i e n t s  a r e  fed by v i b r a t o r s  from one, 
two or  th ree  s torage  b i n s  depending on t h e  p a r t i c u l a r  s l u r r y  des i red .  
The h o t  so lu t ion  i s  fed  i n t o  t h e  s l u r r y  stream by an e s p e c i a l l y  designed 
pump. A l l  ingredien ts  come together  i n  a second s p e c i a l l y  designed 
pump which quick ly  mixes them and f o r c e s  them r a p i d l y  through a long  nose 

Already s l u r r i e s  a r e  

The savings 

On t h e  o ther  hand, 

This  i s  a unique o n - s i t e  
Pump t r u c k  

P 

I 

I 

I 
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i n t o  t h e  borehole. 
lbs/min. 
with about 25,000 l b s  of ingredients ,  i n  about 15 minutes, o r  i t  may be 
loaded continuously during loading of boreholes depending on the method 
desired.  It i s  thus poss ib l e  t o  mix and load with a s i n g l e  such u n i t  
up t o  about 50 tons  of s l u r r y  per eight-hour s h i f t .  

The products produced by the  pump truck method are gene ra l ly  supe r io r  t o  
corresponding plant-manufactured products because they are gene ra l ly  
higher i n  dens i ty ,  they are more water r e s i s t a n t  and r e q u i r e  less o f  t he  
explosively i n e f f e c t i v e  ing red ien t s  required f o r  products that  need t o  
be s to red ,  t r anspor t ed  and handled. A valuable  f ea tu re  of t h e  pump truck 
method i s  t h a t  it can load more than one type of s l u r r y  i n t o  the same 
borehole by merely switching v i b r a t o r s  and ad jus t ing  t h e i r  speeds. For 
example, t h e  most powerful, high dens i ty  aluminized s l u r r y  may be loaded 
a t  t h e  bottom o r  "toe" of t h e  hole  where i t  i s  most needed, and the  much 
less c o s t l y ,  l e s s  powerful NCN type s l u r r y  may be used i n  t h e  upper p a r t  
of t h e  borehole where less power i s  required.  
s l u r r i e s  a r e  of t he  NCN type ,  i . e . ,  they are properly c a l l e d  s l u r r y  
b l a s t i n g  agents( l3)  f o r  which no s torage o r  t r a n s p o r t a t i o n  of a c t u a l  
explosive i s  required.  Thus s a f e t y  i s  maximized; when only NCN type 
s l u r r i e s  are used, t h e  b l a s t i n g  agent made by t h e  pump t r u c k  method may 
be formulated t o  become a detonatable  explosive only when it i s  a c t u a l l y  
i n  p l ace  i n  t h e  borehole. 
f o r  use i n  w a t e r - f i l l e d  boreholes by the  same mixing procedures used i n  
dry boreholes,  except t h a t  t h e  product i s  then extruded from t h e  loading 
hose i n t o  t h e  bottom ins t ead  of the  top o f . t he  borehole. Th i s  procedure 
does not reduce the  loading r a t e  appreciably,  but  prevents  t h e  f i n i s h e d  
s l u r r y  from mixing with water a s  i t  would do i f  it were r equ i r ed  t o  f a l l  
through water. 
by extruding i t  i n t o  a l a r g e  diameter,  polyethylene tube that  may b e  
quickly and e a s i l y  raveled over t he  end o f  the  hose,  pushed t o  the bottom 
of t h e  borehole,  then pushed o f f  t he  end of t he  loading hose by t h e  extruded 
s l u r r y  t o  l i n e  t h e  borehole as t h e  s l u r r y  f i l l s  it. 

Possibly the  f u t u r e  of NCN-slurry b l a s t i n g  agents  may be judged by t h e  
f a c t  t h a t  one such type (designated DBA-KS) made a v a i l a b l e  f o r  use only by 
t h e  i d e a l  condi t ions made ava i l ab le  only by t h e  use of pump t r u c k  mixing 
and loading, a c t u a l l y  c o s t s  less than p r i l l s  and o i l  when both explosive 
and loading costs are considered. 
considerably b e t t e r  than p r i l l s  and o i l , ' e . g . ,  i t s  p r o p e r t i e s  are 
p1.A-1.4 g/cc,  pb- 50 kb and A/Ao about 0.9. Reduction i n  t h e  c o s t s  
of explosive,  d r i l l i n g ,  shovel,  crushing, and gr inding are a l l  phenomenal 
with t h i s  product e s p e c i a l l y  when used i n  conjunction with t h e  powerful 
aluminized s l u r r y  (DBA-10) in bottom Loads. 

TNT s l u r r i e s  are sometimes p re fe r r ed  t o  the NCN type because t h e y  a r e  more 
r e l i a b l e  under d i f f i c u l t  condi t ions,  e.g., running water and i n  ve ry  cold 
boreholes. 
l a r g e l y  +10 mesh "pe l l e to l "  TNT manufactured by t h e  duPont Company or t h e  

The r a t e  of mixing and loading averages more than 400 
The t ruck  may be loaded a t  a nearby s to rage  f a c i l i t y ,  e .g . ,  

I n  t h i s  combination both 

Such NCN-slurries, moreover, may be formulated 

One may provide add i t iona l  water r e s i s t a n c e  f o r  t h e  s l u r r y  

Cespi te  i t s  low c o s t  t h i s  s l u r r y  i s  

The TNT most s u i t a b l e  f o r  pump truck handling i s  t h e  coarse ,  
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"Nitropel" TNT made by CIL  i n  Canada. This  coarse  TNT product i s  not 
cap s e n s i t i v e  and has  a c r i t i c a l  diameter of 2". Since i t  i s  the re fo re  
no more s e n s i t i v e  than some of t he  field-mixed and bulk loaded p r i l l s  
and o i l  products,  p a r t i c u l a r l y  those  used i n  small diameter,  underground 
b l a s t i n g ,  and s ince  t h e  handling of t h i s  product comprises simply the  
pe r iod ic  reloading o f  t h e  bulk TNT b in  on the  pump t ruck  from which i t  
i s  fed i n t o  t h e  s l u r r y  stream v i a  a s a fe  v i b r a t o r  feed, the  TNT s l u r r y  
made and loaded by t h e  pump truck p resen t s  no hazard g r e a t e r  than the  
use of corresponding plant-manufactured products.  
method of mixing and load ing  s l u r r y  explosives and b l a s t i n g  agents  
should thus  prove t o  be a major advance i n  commercial b l a s t i n g  t h a t  
w i l l  r e s u l t  i n  increased sa fe ty ,  improved performance, reduced c o s t s  
and g rea t e r  ra tes  of production. 
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Figure 1. The p,(to) curve and fragmentation zones. 
(pb = 100 kb, A = 1.0, p1 = 1.5 g/cc, WJWr - ideal) 
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Figure 2. The pm(tA) and pm(to) curves and fragmentation zones. 
(pb = 100 kb, p1 = 1.5 g/cC, a = 1.0, We/Wr too low) 
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Figure 5. Magram of borehole and cmpressed burden a t  to for 9" borehole f i l l +  
d t h  "slurry". 
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TOW DETONATION PRESSIJRF: EV’TOTrES 

Most e>q los ive  materials im vi-de use today m y  be ch,Zrart,er:zed by detoqetlon ?res- 
sures ranging from a.nnro.rimte1y 150 t o  ?‘;O k i  lobn-s . P-mel.lant nzi:.r?i?.’s. on t h e  
o ther  hand, exhh’.bit c w a r a t i v e l y  low nressures tp?r?.l of deflagra+.’on renni’ons. 
The d i f f e rence  i n  press i res  exhib i ted  by these  tvo  cl:~.ss~.:: of na.tsr;r.ls lewves .In 
i n t e re s t ing  gau, t he  e.ln3oration of vh.rh’ch m=-y yte1.d vnliiab?.e :nformp.tion on t he  -hem; - 
cal and k i n e t i r  l imi t z t ions  of detons.ting ma,te-ja?s. 

The reliabl-e generation of detonation nres.<ii-es ?:ndew 100 kil.obnrs should o f f e r  xdva.r.- 
t ages  from an  engi.neering stnndnoint i n  am??;ca.t io~s where hfghey n-ess”’cs 2.-e npi.t‘ner 
needed nor desfred.  Certa.4.n n las t ic /e -mlos?ve  .fo-xr?lnt;onn dcsc-:bd be1 otr o*frr those 
advantages i n  addftion t o  o the r s .  such 32 the ca.mbi!:.ty o f  bcinc  e - t m d e d  ow :nie,-t;on 
molded into di.fftcult. con+igurations ~ n d  then no?yme-i?ed i n  n l w e  

Over the  v a s t  two y e ~ ~ s  t h e  Aeroiet-CenPral Cornoration and t he  Snnd‘a Corn ra t ion  haw 
col labora ted  i n  FL nrelim+na-y qnvest+Fation of th’? interest‘np low detonation ~ e s s l r e  
regime. The *esihts recorded b c l m  describe s m e  of  thP ~ O T I - S ~ S  mli-sned and f p - h n i ~ r ~ p s  
develoned i n  this  study t o  date. 

EXPWlMENTAL TECHNIQUES 

a.  Material Sner i f ica t ions  

A l l  chemical ingredqents u t i l i z e d  i n  t h e  f o w l a t i o n  of the  pJ-nstir-ernJos;ve 
c m o s i t i o n s  described he re in  w e r e  airchased t o  meet r e r t i n e n t  mi!;ta-y snwif’-a- 

Because of  the hmortance of t h e  p a r t i c l e  s i7e  d i s t r ibu t ion  o f  t h e  nrjmnry and tcons.  
secondary e q l o s i v e s  used. tests were nv t o  mensiiwe t h i s  by mi-rowonir terhnioueq 
us ing  a Filar eyeDiece. The o a r t i c l e  s i z e  d;stribvtiotls of pentae-ythritol  tetra- 
n i t r a t e  (PETN), suuerfine made:  c y r l o t r i m e t h y l e n e t r ’ n i t r ~ i n ~  (PDX), acetone f ine :  
eight h o u r  ball-milled de idr ina ted  lead az ide  (PbN6); coarse der t r ina ted  PbN6: -nd 
thallous az ide  (TlN3) are nresented  in  Figs. 1 throiigh 4, resnectivel-y. 

i’ 

I 



219 

b . Formulating Technioues 

O f  n r inary  consideration i n  working with new e q l o s i v e  formulations a r e  the compati- 
b i l i t y  of the various ingredients  and general sa fe ty  precautions.  I n i t i a l l y ,  i n  all 

cases ,  small nuant i t ies  (about 1/10 gram) were used. and if no adverse reaction resul ted 
the  q u a n t i t i e s  were increased t o  one gram, 10 gram, and 100 gram l o t s .  
made t o  determine t h e  c m a t i b i l S t y  and s t a b i l i t y  of the  c m o s i t i o n s  at the lo-gram 
l e v e l .  Among the t e s t s  used were vacuiun s t a b i l i t y .  impact s e n s i t i v i t y ,  different ia l -  
t h e d  ana lys i s  (DTA), and. i n  some cases,  e v l o s i o n  temperatures. 
tests a r e  shown in Table 1. 

Safety precautions c m o n  t o  t h e  emlos ive  industry were r igorously observed d o n g  wjth 
many laboratory precautions used i n  t h e  chemical industry.  I n  al l  cases while working 
with small quant i t ies  of mater ia ls  (under 10 grams) work was conducted behind adequate 
safe ty  sh ie lds .  
out w i t h  remote control  methods, viewing the  processes through mirrors.  periscopes or 
closed c i r c u i t  t e lev is ion .  
t a i n e r s .  
In t h e  mixing buildings,  t h e  materials were l imited t o  t h e  ac tua l  quant i t ies  needed. 

Analyses were 

The r e s u l t s  of such 

When working with la rger  quant i t ies ,  the mixing procedures were carr ied 

Explosives were handled and s tored i n  conducting rubber con- 
The quant i ty  of explosive mater ia ls  was l imited t o  50 grams i n  the laboratory.  

c. Rheological Character is t ics  

During the formulation of high-solids-content c m o s i t i o n s  extremely viscous.  nut ty-  
l i k e  systems were encountered. It was found t h a t  the addition of small quant i t ies  

(0 .1  t o  1 . 0  percent)  of snec ia l  sur fac tan ts  caused a s igni f icant  increase i n  t h e  f lu id-  
i t y .  

Changes i n  the  rheological  c h a r a c t e r i s t i c s  were determined by the  use of a v a r a l l e l  
p l a t e  plastometer technime.  
was placed upon a glass  D l a t e  and loaded with another g lass  p l a t e  of known weight. The 
radius  t o  which the samole snread after 20 seconds' durat ion was taken as  an indicat ion 
of t h e  apnarent f l u i d i t y  of the  t e s t  system. 
effect iveness  of the  sur fac tan t .  

d. Test ing Procedures 

A s m a l l  cy l indr ica l  samnle of the  a a s t e - l i k e  test s m l e  

The Freater t h e  radius ,  t h e  greater the  

Detonation Velocity Measurements - Detonation ve loc i ty  measurements were carr ied 
out using two well-known methods, t h e  s t reak camera and a i n  switch technicues.  

A Beckman-Whitley Model 194 s t reak  camera was u t i l i 7 e d .  
conjunction with a mixer c i r c u i t  and M o r a  Model 10lA raster osc i l loscme were a l s o  used 
t o  m a s u r e  detonation v e l o c i t i e s  of both confined and unconfined charges.  
t i o n  p i n  switches were mounted in spec ia l  holding devices and dis tances  were measured 
with a Gaertner S c i e n t i f i c  Corporation microcanparator capable of measurement t o  
f0.002 millimeters.  
t h e  poin t  of i n i t i a t i o n .  

Ionizat ion p i n  switches in  

The ioniza- 

A l l  ve loc i ty  measurements were started at l e a s t  four djameters f r o m  

Detonation Pressure Measurements - The detonation pressure measurements were carr ied 
out u s i n g  a modified p l a t e  dent test. Attempts were a l s o  made t o  use the  aqiiarium 

technique. 

The modified p l a t e  dent  test consisted of 20 grams of explosive material i n  a capper 
tube (3/4 in .  x 5 i n .  x 1/16 in .  w a l l ) .  
Special  b l a s t i n g  cap with a five-gram booster of Canposition C-4. 
p l a t e  ( 1  3/4 i n .  x 5 i n .  x 5 in .  of 6061-T6 a l l o y )  was used. 
t o  determine t h e  approximate detonation pressure range of t h e  var ious formulat-lons. 

A series of ca l ibra t ion  tests using standard exolosives of varying d e n s j t i e s  was conduct- 
ed t o  determine detonation p r e s m r e  as a function of depth of indentation in the  witness 

The detonation was i n i t i a t e d  by an Engineer's 
An alminum witness 

This techniaue was used 



220 

p la t e s .  
ed from W. R. T d i n s o n ( 1 )  and 0. E. Sheffield(2).  
from the  d tonation ve loc i t i e s  a t  known dens i t ies  of t he  emlos ives  by the  e.nnro-!rn%tc 
equation( 37 

Detonation ve loc i t i e s  3s a function of density fo r  each explosive %reme ootzjn- 
Detonation pressures were calcu!zted 

p 4 0.01op-G D* 

where : 

p = detonation a ressure  in  bars 
p = density i n  grams D e r  cubic centimeter 
D = detonation ve loc i ty  i n  meters per second 

A review of other possible methods of measuring detonation oress i res  of la rge  sr .mles 
( 2  in .  diameter x 8 ' . length) indicated that the  "aquarium" technique o ip ina l ly  
devel.o?ed by Holton($? and later described by Cook. Keyes and Ursenbach(5j a p e a r e d  t o  
o f f e r  good poss ib i l i t i e s  fo r  aoc3.ication i n  t h i s  t e s t  program. I n  t h i s  method e streak 
camera is  used t o  measure t h e  detonation velocity of the  9lastj.c emlos ive  and a l so  the  
velocity of t h e  resu l tan t  shock wave throuRh water. 
shock wave together with the  eauation of s t a t e  of water, it is possible t o  calculate 
the  shock pressure in water. However, a considerable number of nroblems were encounter- 
ed i n  attempts t o  measure pressures by t h i s  technique. The or inc ina l  objection l a y  in  
the  ambiguity of the slope of the shock at the  exnlosivefwater interface.  
i ty  seemed t o  be more pronounced a t  lower shock pressures. 
w a s  abandoned and all  of t he  nressure data reported here a re  based on p l a t e  dent and 
114 p D2 anproximtions. 

e. 

analysis.  
f i ed  Bureau of Mines machine using a two-kilogram weight and f la t  anv i l  and s t r i k e r .  
It was  foiind that nitrmolyurethane (NPU)/PL"N and NPUfRDX formulations, containing 
concentrations of 20 percent by  weight of explosive or la rger  quant i t ies?  were can 
sens i t ive  t o  Nmber 8 b las t ing  caps. C q o s i t i o n s  containing smaller quant i t ies  of 
these explosives required the  use of a booster t o  insure in i t i a t ion .  
of the  f i r i n g  tests a five-gram booster charge of C m o s i t i o n  C-4 together with an 
h g i n e e r ' s  Special detonator were employed t o  insure in i t i a t ion .  

EXPERIMENTAL RESULTS 

a. Comositions - The comuositions of the  u l a s t i c  exnlosive formulations studied 
consisted of Dolyurethane, nitropolyurethane, and d in i t rop rmyl  acry la te  matrices 

(continuous phase) t o  which various ex-@osives (d lscre te  phase) were added. The poly- 
urethanes were ccmrposed of d i o l s f t r i o l s  or other cross-linking agentsfdiisocyanate, in 
70/30/107 mole percents, together with 20 percent n l a s t i c i ze r  . The n i t ronolpre thanes  
were composed of d i o l s f t r t o l s  or other crosslinkersfnitrodiisocyanate together wfth up 
t o  50 oercent by weight of n i t r o  p l a s t i c i ze r .  In  the  Npll formulation, t he  djol. / tr iol/  
isocyanate r a t i o  wafi 80/x)/107 mole percents. 

b. Chemical and Physical P r q e r t i e s  - The chemical and nhysical p r m e r t i e s  were deter- 
mined fo r  each o f  the compositions and a r e  given i n  Table I. 

and IypA's were determined t o  a sce r t a in  the  s t a b i l i t y  of several  comuositions t o  t h e m 1  
decomposition. 
factory s t a b i l i t y .  

The DTA's f o r  NPU and NPU/Pm formulations a r e  given i n  Figs. 5, 6 and 7 and similar 
information fo r  Pu/PbN6 mixtures is given i n  Figs. 8, 9 and 10. 

From the  measured ve loc i ty  of the  

This ambigu- 
Accordingly, th is  technia:Je 

Sens i t iv i ty  Tests - Sens i t i v i t i e s  and conpatibil.ities of the. various explosive 
formulations were determined by inpact, vacuum s t a b i l i t y  and d i f f e ren t i a l  thermal 

These methods are discussed i n  Ref. 2. The impact t e s t s  were run on a modi- 

However, 5.n most 

' 

The vacuum s t a b i l i t k s  

The vacuum s t a b i l i t y  da ta  shared tha t  i n  a l l  cases the  mixtures had Satis-  

The data indicate tha t  
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t h e  f i n a l  compositions i n  both cases a r e  as thermally stab1.e 8,s t h a t  of t h e  l ea s t  s t ab le  
comonent. 
was determined for each of t h e  fomv1at:ons. 
compatible with t h e  ingredients of t h e  PlJ and hFL1 olastir formulations. 
using NPU and PU systems with lead  and o ther  azides showed t h a t  the  n i t r p  substi.tiited 
plasticizimg agents and n i t r o  subs t i t u t ed  d i i  socyanates were incomnatible with a.7:’des: 
however, it was  found t h a t  t h e  components of t h e  PU system were c o m a t i b l e  with the  nzi.de! 

The dens i t i e s  of t h e  various formulations varied from t h a t  of t he  piire n l a s t i c  b h d e r  
system up t o  t h a t  of t h e  pure d i sc re t e  ahase.  
dens i t i e s  were found t o  vary from 1 .2  g / c d  un t o  about 1.15 g/cm? denending upon the  
concentration of t h e  d i sc re t e  phase. 
between tha t  of t h e  binder system un t o  ?.I g/rm? denending upon t h e  Concentration or 
mN6. 

In  high-solids-content r l a s t i c  explosive comnositions. t h e  rheologica l  cha rac t e r l s t i ? s  
a r e  jmportant. In  one system composed o f  30 oercent DNPA (d in i t r an roay la r rg l a t e )  binder 
system and 70 percent RDX. i t  w a s  found necessary t o  add 10 nerrlent calcium s t e a r a t e .  
impalnable grade, by weight t o  prevent d i la tancy  while extruding t h e  n l a s t i c  comosi.tion 
under pressure.  The l a rge  amount of calcjum stearate (CS) a c t s  as a phlegmitiring agent 
making it more d i f f i c u l t  t o  propagate a detonation. 
fo r  reducin 
t h e  plastic$explosive mixture. 

Ea r l i e r  s tud ies  with Dropellant formulations had sham that pretreatment with small 
amounts of surface ac t ive  agents caused a l a rge  increase i.n f l u i d i t y .  I n  areliminary 
s tudies  with RDX and PETN, t h e  des i red  amount of surfa.ce agent was disso lved  i n  methyl 
alcohol ov chloroform and t h e  emlos ive  t r e a t e d  with the  so lu t ion .  The solvent w a s  
evaporated and the  ex-plosive was dr i ed  i n  vacuo, leaving a f i lm of su r fac t an t  on t h e  sur- 
face of t he  emlos ive .  

Tests showed tha t  SPAN 60 (At las  Chemical Company) and calcium s t e a r a t e ,  inmalFable grade: 
were t h e  most e f f ec t ive  f lu id i z ing  agents t e s t e d .  Using t h e  above pret,reatment techniaue. 
the maxbm increase i_n f l u i d i t y  ocrurred when using calrium s t e a r a t e  at a concentration 
of 0.5 percent by weight, and t h e  fl-uidity derreased with fu r the r  increase  i n  roncentra- 
t i o n .  SFmil.arly. t h e  maximum advantage of SPAN 60 alone was  found t o  be a t  0.25 percent 
by weight. 
SPAN 60 at similar concentrations.  
f l u i d i t y  a f t e r  standing for t h ree  ho i r s .  
loaded p l a s t i c  explosive systems. 

The reduction i n  t h e  amount of calcium s t e a r a t e  i n  t h e  explosive composition from 10 
percent t o  0.5 percent r e su l t ed  in increased f l u i d i t y  and ease of ex t rus ion  together with 
a s ign i f i can t  increase i n  detonation ve loc i ty .  

c .  Emlosive Proper t ies  - Tests were conducted t o  determine the  e f f e c t  of so l id s  con- 
centration, confinement and diameter on t h e  explosive cha rac t e r i s t i c s  (detonation 

ve loc i ty  and pressure)  of t h e  p l a s t i c  explosive compositions. The camoositions, d i a -  
meter and confinement of samples t e s t ed  are sham i n  Table 11. Detonat!.on ve loc i ty  
measurements were ca r r i ed  out on at  least  five charges f o r  each diameter except with 
3.58-inch diameter charges, where only three were t e s t ed .  The e f f e c t s  of explosive con- 
cent ra t ion  and charge diameter on detonation ve loc i ty  a r e  shown i n  F igs .  11 and 12. The 
d a t a  i n  Fig. 11 show that the  detonation ve loc i ty  increases i n  the usual fashion w i t h  an  
increase  i n  diameter. It i s  of i n t e r e s t  t o  note t h a t  1/16 inch copper confinement had 
no apparent e f f ec t  on detonation v e l o c i t i e s  i n  t h e  charge diameter range from 1.0  inch 
t o  1,875 inch. 
ve loc i ty  a t  a diameter of 3.4 inches, compared w i t h  3 inches f o r  the 25 Dercent PETN - 
75 percent NPU formulation. 

The c m a t i b i l i t y  of t h e  individual ingredients and combinations thereof 
It w a s  found t h a t  both PE7TJ arld RDX %re 

Similar s tud ies  

I n  the  case of t h e  IVJ/PETN systems, t he  

I n  the  das t i r /PbN6  systems. t h e  dens i t i e s  va?;.ed 

It was advisable t o  fZnd methods 
t h e  required amount of CS and a t  t h e  same time t o  increase  t h e  f l u i d i t y  of 

In some systems a synerq is t ic  e f f e c t  was  observed with calcium stearate and 
The DNpA/RDX mixtctures shared a marked increase i n  

Similar resiilts were obtained wi th  other h ighly  

The X ,  percent PETN - 80 percent NPU formulation reaches i d e a l  detonation 

The data in Fig. 1 2  show t h a t  t h e  detonation ve loc i ty  

I 
\ 
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increases as e v e c t e d  with increase in  emlosive content. 
t he  approximate minimum dinmeters a t  which detonation is  sustained fo r  the various 
cconpositions e i ther  unconfined or confined in 1/16-inch w a l l  copuer tubing. 

d.  Detonation Pressure - I n  preliminary emeriments t h e  calibarated p l a t e  dent method 

pressure f o r  the various compositions. 
w e r e  determined, it was considered adequate f o r  present purposes t o  calculate the  
approximate detonation pressure from the  114 PD2 relationship.  
calculated i n  t h i s  fashion are shown as a function of exnlosive composition i n  Fig. 13. 
These da t a  show that the detonation pressures range from 25 t o  anproximately 160 kilo- 
bars fo r  t h e  compositions t e s t ed .  

Preliminary studies with PIJ/PbN6 systems indicated that a system containing 40 percent 
m/60 percent PbN6 by weight w i l l  j u s t  sustain detonation. P l a t e  dent t e s t s  indicated 
that the  detonation vressure  would be under 10 kilobars.  
PbN6 composition had a detonation pressure of approximately 22 kilobars as determined 
by t h e  p l a t e  dent test. 
Fig. 14. 
be obtained with PU/PbN6 systems. 

e. 

primary explosives t o  t h e  PU or Npu binder systems resulted i n  compositions mch  less 
sens i t ive  t o  impact. 

DISCUSSION OF RESULTS 

The formulation of explosives composed of a high-energy d iscre te  phase i n  a continuous 
matrix of combustible organic mater ia l  necessarily involves an excursion into a number 
of physical  and chemical problems. 
incorporation of r e l a t i v e l y  sens i t ive  e q l o s i v e s  in to  a p l a s t i c  such tha t  in te r -oar t ic le  
distances were r e l a t ive ly  la rge .  
10 t o  70 percent d i sc re t e  phase by weight w i t h  corresponding mounts of poly and n i t r o  
polyurethanes, and other p l a s t i c s .  

The physical and chemical proper t ies  of this type of explosive imply a v e r s a t i l i t y  not 
normally encountered with explosive materials. 
t i o n s  are extrudable under pressure and readi ly  assume t h e  shape of t h e  container. 
They bond readily t o  clean m e t a l  surfaces. 
irregularly shaped volumes and polymerized i n  place. 
they  exhib i t  properties r e l a t e d  t o  those of the  p l a s t i c s  involved. 

An in te res t ing  e f f ec t  of average p a r t i c l e  s ize  on the  a b i l i t y  of cer ta in  formulations 
t o  be i n i t i a t e d  was observed. 
at  60 weight percent, i n i t i a t i o n  was not achieved at  an average pa r t i c l e  s i ze  of one 
micron, but was achiwed a t  average pa r t i c l e  s i zes  ranging from f ive  t o  ten microns, 
using t h e  same i n i t i a t i n g  charge. 

A marked e f fec t  on the  ex t rudab i l i t y  of the  non-polymerized c m o s i t i o n s  was achieved 
by the use of surfactants a t  concentrations of t he  order of 1/10 t o  one percent. The 
e f f ec t  of surface ac t ive  materials on the  rheological charac te r i s t ics  of explosive 
compositions was pronounced and served t o  extend the  usef'ul range of these materials. 

The incorporation of sens i t i ve  primary explosives in to  an  inert p l a s t i c  matrix introduces 
another family of explosive compositions. 
t o  p a r t i c l e  through the  continuous nhase of the  composition mens up other areas of low 
pressure explosive technology. 

The data in Table 111 show 

fo r  determining detonation pressure w a s  used t o  e s t h a t e  the  amrox imte  detonation 
In  those exoeriments where detonation ve loc i t ies  

Detonation pressures 

A 30 percent PU/70 percent 

A t yp ica l  witness p l a t e  from a d a t e  dent t e s t  i s  sham i n  
It thus appears that detonation pressures i n  t h e  very low pressure range may 

Imp a c t  Sens i t iv i ty  - Impact s ens i t i v i t i e s  f o r  the  various exnlosives were measured 
as shown i n  Table I. It was found tha t  the  addition of secondary and sensit tve 

In  general, t h i s  investigation was bu i l t  around the  

The composition of t h e  p l a s t i c  emlosives ranged from 

Pr ior  t o  polymerization, the ccrmposi- 

They are canable of being introduced in to  
Once t h e  materials are  polymerized 

When the concentration of PbN6 i n  polyurethane was held 

The region above t h i s  range has not yet been emlored. 

Their a b i l i t y  to  in t e r - in i t i a t e  from pa r t i c l e  
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Sample Temperature 
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2.36 i n ,  Dla. unconfined 

in, Pia Conf 1 nrrnnt 
0.0675 In. Copper 
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Percent PETN in PETA'NPU Formulations 

Fig. 13.  -Effect of the Percent  €€TU on t h e  Detonatior, Pressure 
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Fig. 14.-Test No. 194 
Chg. Dia. 3/4 in. 
Chg. Lgth. 4-3/8 in. 
Chg. Density 2.06 e/cc 
.Depth of brit .145 in. 

'Confinement 1/16 in. thick Aluminum 
Witness Plate 5 in. X 5 in. X 1-3/4 in. 

Approx. Detonation Pressure - 22 Kb 
6061-T6 Aluminum 
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TULE 111 

APPROXIMATE CRITICAL DULMETERS CF SEVERAL 
NPU-PETN FCRYULATIONS 

F I 
15/85 

15/35 
I 
I 

, 20/m 
I 

f 

I 20/80 
1 

25/75 1 25/75 

CRITICAL 
COWIIE?B%NT : DI.#UETER 

CONFINED' 

NONE 

CCNFIMED" 

NO?E 

COW'IVED* 

MCFE 

CONFINED' 

NONE 

(in.) 

1.m 

Greater than 2.96 

0.5 

Greater than 1.0 

0.25 

Leas than 0.25 

Less than 1.0 

* All confined charges were confined in 
1/16 in. wall copper tubing. 
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EXPLOSNE EVALUATION OF COORDWATION 
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*Sandla Corporation, Albuquerque, New Mexico 
reylniversal Match Corporation, bkrion, I l l i no i s  

An investigation of “ law power” explosives was undertaken as a cooperative e f fo r t  between 
the Sandia Corporation and the Universal Match Corporation. 
t h i s  program was the investigation of homogeneous chemical compounds expected t o  yield 
detonation pressures of less than 100 kilobars. Secondary objectives included the attain- 
ment of adequate thermal s t ab i l i t y ,  suitable impact sens i t iv i ty  and high density. The 
vlde range of properties found in coordination compounds caused ef for t s  t o  be concentrated 
in t h i s  area. 

In general, a limited number of tests were performed in order t o  screen out unsuitable 
ccmpounds. Those compounds which appeared praising were then subjected t o  further 
testing. 
bomb t e s t .  This test was abandoned when it became apparent that the consolidation density 
of the  explosive was an important factor. 
a l imited amount of streak camera data. 

The explosive properties of the coordlnation compounds tes ted  varied over a wide range, and 
depended on several factors. The consolidation density was Important. The oxygen balance 
( t o  carbon monoxide) vas a l so  significant.  The insertion of a heavy ion in to  the  explosive 
(for example, iodate or  tha l lous)  lowered the detonation velocity but the increased density 
of the  total molecule t ended to  keep the detonation pressure high. 

The primary objective of 

The initial evaluation of explosive output was obtained fran the standard sand 

Later tes t ing  u t i l i zed  the plate dent t e s t  and 

Detonation pressures were estimated by the plate dent technique. 
of detonation pressure versus depth of dent in the s t e e l  p la te  (hardness in Rockwell, 
88-90, B scale). Detonation pressures fo r  those cases w h e r e  the streak camera technique 
vas u t i l i zed  were calculated from the approximation: 

Figure 1 s h m  the p lo t  

2 
p 0.01+ 

W b e r e  : 

p = detonation pressure in bars 
p = density in grams per cubic centimeter 
D = detmation velocity in meters per second 
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It is t o  he pointed out t h a t  t h e  emlos’ve outauts  of t h e  two ronmoimds we sinjlzr a.t 
equal  a c t u a l  dens j t jes  r a t h e r  than m n a l  r e r - e n t  c r y s t a l  densi . t les .  
was shown by several o ther  e-mlossve -0mplex salts. 

Another i n t e r e s t i n g  s j t u a t i o n  is t h e  d i f f e r e n t  behavior of t w o  i s o m s  O!( +men)?( In?):, 
and Cu(pn)2(103)2. 
comlex  sustajned detonat ion (See Figure 3) while t h e  on c o q l e x  d id  not .  me tnen 
comple.1. gave 125 k i lobars  a t  a dens i ty  of 2.?0 g/cc (89.7 percent c r y s t a l  dens i ty) .  

T h l  s vhenornenon 

In a 1./2 inch diameter by 1.37 inches long - o n f i p r a t i o n .  t h e  tmen 
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However, i n  A 1 l / h  in rh  d i ame te r  by 5.1 inches long - 0 n f i m a t j o n .  t h e  m salt d;d 
sus ta in  giving an estimated detonat jon nTessure of 105 kilobars  at  a dens i tv  of ? ' 3  
d c c .  

SUMMARY 

It annea-s t h z t  oxygen b d a n r e s  of N-30 nercent  ( t o  ra-bon mono--ide) are ne"essa-'y 
t o  obtain la.? cressiires a t  d e n s i t i e s  ann-oa.chi.ng crysta.1 dens i ty .  This -em!rernent 
nrobab3.y necess i ta tes  the  use of l a r g e r  roI.umn diameters 07 more s e n s i t i v s  ?lzsses o" 
conmounds such ~ t s  chlorates t o  obta ln  s teady detonst?on.  

One of  the  nrmerties of these  roo-dination romooiinds i s  the  anna.rent Imr  detonat ion 
pressure produced at r e l a t i v e l y  high d e n s i t l e s .  
detonation pressure t o  dens i ty  for  he-mmine-obalt iodate  'hemihydrate and TNT. 
coordination comnound y i e l d s  t h e  same detonation pressure a t  a d e n s i t y  of 2.7 e/?.: 
t h a t  l" exhib i t s  at 7..6 g / c c .  
flnce, l igand,  or cent ra l  lon.  a11 anpeax t o  nossess a simi1a.r re1ationshi.n between 
outnut and densi ty .  

ACKNOWLEIIGNEW? 

This work vas  performed under t h e  a u s n i w s  of t h e  United S ta tes  Atomic EnerESy Commis- 
s lon .  Sneri.al mnrec 'a t ion i s  e-ctended Dr. Herbe-t E l le rn  for  h l s  t e -hntca l  gui.den-e 
and assis tance.  

P igwe 4 shmrs th?  -a!.ationshj- of 
The 

The coo7dination c m o u n d s .  remrd!.ess of o-rygen b e l -  
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